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ABSTRACT 
Drought stress reduced soybean seed yield, but its effect on seed quality was highly 
variable. Two greenhouse experiments (one in summer and one in winter) and one field 
experiment were conducted to investigate the effects of drought pre-conditioning on seed 
yield, size, quality, accumulation of dehydrin-like proteins and soluble sugars in relation to 
seed quality, and seed mineral nutrients. In summer, soybean {Glycine max L.) plants were 
exposed at beginning seed fill (R5) to well-watered (WW), sudden stress (SS) (without 
drought pre-conditioning), and three drought pre-conditioning treatments: one-day stress 
(ODS), two periods of one-day stress (TDS), and gradual stress (GS) imposed prior to severe 
drought stress. Three treatments were imposed in winter (WW, SS, and GS). In the field 
experiment, irrigated and non-irrigated conditions were imposed at R5. Yield and yield 
components declined in drought-stressed plants regardless of the drought patterns compared 
with WW plants. In the greenhouse experiments, drought stress increased production of 
small and medium sized seeds, which also had lower gemiination. Large seeds fi-om well-
watered and gradual-stressed plants had better seed vigor (AA-germination) than seeds from 
suddenly stressed plants, indicating gradual stress was less harmful to seed vigor than sudden 
stress. In winter, all drought stress treatments induced dehydin-like proteins at mid-seed 
development and reduced the level of soluble sugars in the mature seeds. The reduction in 
soluble sugars in seeds from drought stressed plants coincided with the reduction in AA-
germination. In winter and field experiments, drought stress treatments increased the 
concentration of P, K, Ca, Mo, Mn, and Cu in seed similar in size and weight to seeds from 
well-watered plants; but, the concentrations varied between the two experiments. Drought-
stress treatments reduced seed size in the winter experiment, but not in field experiment. 
xvii 
Medium seeds had lower nutrient content than large seeds. In conclusion, all drought stress 
treatments reduced yield, yield components, increased production of small and medium 
seeds, and induced expression of dehydrins at mid-seed development. Well-watered and 
gradual stress treatment improved seed vigor (AA-germination) of large seeds over that 
observed in the SS treatment and this reduction in seed vigor was coincided with the 
reduction in soluble sugars. 
1 
GENERAL INTRODUCTION 
Drought stress during soybean seed fill reduced seed yield and seed yield 
components. Moderate drought stress might condition plants to maintain turgidity, metabolic 
processes (such as photosynthesis), and sustain more yields under more severe stress (Ali et 
al., 1999).Little information is available, however, on soybean response to drought pre­
conditioning by exposure of plants to gradual reductions in soil moisture or to pre-episodes 
of drought stress imposed prior to severe stress occurrence. Whether soybean plants exposed 
to drought pre-conditioning perform better in terms of photosynthetic rate, stomatal 
conductance, transpiration rate, leaf number, and yield and yield components than sudden-
stressed plants needs to be determined. 
In contrast to the effect of drought on yield, there is conflicting evidence in the 
literature in regard to whether drought stress during seed fill lowers seed quality. In 
experiments conducted to study seed quality of soybean plants exposed to drought stress 
from R5 to Rg (Smiciklas et al., 1992; Smiciklas et al., 1989; Dombos and Mullen, 1989; 
Heatherly, 1993; Vieira et al., 1991), the authors showed that the plants were stressed by 
reporting a reduction in leaf photosynthesis, stomatal conductance, transpiration, or reduction 
in yield. However, the authors did not study the rate of onset of drought stress. The rate of 
stress might affect seed set, development and size. Previous work on wheat showed that 
gradually stressed plants had larger seeds than suddenly stressed plants (Kobata et al., 1992). 
The different response to drought stress in the literature may have been due to the way the 
stress was applied (the amount or rate of stress in the field versus rate of stress in the 
greenhouse). In addition to amount and rate of drought stress, the way seed testing handled 
(whether damaged, shriveled, small, wrinkled seeds were included or excluded in seed 
2 
quality measurements) is another important factor in determining seed quality under drought 
stress. The distribution and seed quality of different seed sizes produced under different 
drought stress patterns needs to be determined. 
The physiological and biochemical changes related to variation in seed quality in 
seeds exposed to drought stress are not completely understood. Although drought stress 
reduced leaf water potential, seed water potential was not changed in response to drought 
stress treatments (Westgate and Grant, 1989), which may protect seed under drought stress. 
Proteins called dehydrins (induced in response to cell dehydration) may be induced during 
seed development in response to drought stress and may have an important role in developing 
seeds under drought stress. Dehydrin proteins accumulate in the developing seeds after mid-
seed development and their level increases prior to seed desiccation (Han et al., 1997; 
Hughes and Galau, 1989). Dehydrin proteins are proposed by many researchers to play a 
role in membrane stability, osmotic adjustment, and in desiccation tolerance (Carpenter and 
Crowe, 1988; Close 1996; Dure et al., 1989; Godoy et al., 1996). Because drought stress 
increased the production of shriveled, wrinkled, undeveloped, miss-shaped, and prematurely 
desiccated seeds, drought stress may alter expression of dehydrin proteins in soybean seeds. 
Level of dehydrin proteins in seeds produced under drought stress may have an association 
\vith seed geraiination and vigor. In addition to dehydrin proteins, soluble sugars have been 
associated with seed vigor (germination after accelerated aging) (Yakhch, 1985). Both 
dehydrin proteins and soluble sugars might be important factors in determining seed 
germination and vigor (germination after accelerated aging) of drought stressed seeds. 
Whether drought stress during seed development affects the expression of stress proteins 
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such as dehydrin proteins, and soluble sugars in developing and mature soybean seeds is not 
known, or whether dehydrin proteins are related with seed germination and vigor. 
In addition to affecting the production of proteins and soluble sugars, drought stress 
may alter accumulation of mineral nutrients in the seeds. The increase in mineral nutrients in 
soybean leaves (Tanguilig et al., 1987; Premachandra et al., 1995) and seeds from plants 
grown under drought stress might have a role in drought tolerance. The increase in 
concentration of mineral nutrients under drought stress could be a drought stress response or 
simply due to reduction in dry matter accumulation under drought stress (growth inhibition 
effect). Whether the increase in nutrient concentration in soybean seeds from drought 
stressed plants is a stress or growth inhibition response needs to be determined to understand 
the role of mineral nutrients in seeds from drought stressed plants. 
The objectives of this research project were as follows: 
1) To study the physiological response of soybean plants to gradual stress, pre-
episodes of drought stress, and sudden severe stress in terms of leaf photosynthesis, 
conductance, transpiration rate, leaf nimiber, yield, and yield components. 
2) To smdy whether soybean plants exposed to gradual reductions in soil moisture 
and pre-episodes of drought had larger seeds, fewer shriveled seeds, and higher seed 
germination and vigor than suddenly stressed plants. 
3) To determine the association dehydrin-like proteins and sugars in soybean seeds 
grown under drought stress with seed germination and vigor. 
4) To determine seed size distribution under drought stress and whether different 
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CHAPTER 1. LITERATURE REVIEW 
Effect of Drought Stress on Soybean Seed Yield and Yield Components 
Drought stress can modify the physiological processes in the leaf such as 
photosynthesis rate, stomatal conductance, and transpiration rate, which might be related 
with final seed yield. Leaf survival under drought stress is also an important factor in 
determining seed yield. Leaf survival will determine the duration of photosynthetic and seed 
filling period, which may correlate with yield. 
Leaf Photosynthetic Rate, Stomatal Conductance, and Transpiration Rate under 
Drought Stress 
Leaf performance under drought stress has been studied by many researchers (Vieira 
et al., 1991, Dombos and Mullen, 1989). Many physiological processes, such as stomatal 
opening and photosynthesis, were associated with leaf turgor pressure (Wenkert et al., 1978). 
Drought stress imposed at Rs growth stage increased stomatal resistance, decreased leaf 
conductance, and transpiration rate of soybean plants (Vieira et. al., 1991; Vieira et. al., 
1992). Dombos and Mullen (1989) reported that drought stress imposed on soybean plants at 
Rs increased stomatal resistance, decreased respiration rate and apparent photosynthesis by 
68%, 44%, and 71% respectively. In both Sericea lespedeza [Lespedeza cuneata (Dxmiont G. 
Don.)] and alfalfa {Medicago saliva L.), Brown and RadcUffe (1986) found that water stress 
decreased apparent photosynthesis. Reduction in stomatal conductance and net assimilation 
rate was detected in cotton (Gossypium hirsutum L.) plants grown under water stress (Faver 
et al., 1996). 
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Leaf water potential and air-canopy temperature difference also decreased as water 
stress increased (Pandey et al., 1984b). Water stress imposed by withholding water at seed 
filling stage decreased leaf water potential and inhibited canopy photosynthesis by the third 
day of stress imposition (Westgate and Grant, 1989). Stomatal closure in soybean was 
observed at leaf water potentials between -1.2 and —1.6 MPa (Boyer, 1970a; Boyer, 1970b). 
A decrease in photosynthesis in soybean occurred at water potentials less than -1.2 MPa 
(Boyer, 1970a; Boyer, 1970b). The reduction in leaf water potential (more negative) under 
drought stress was highly correlated with leaf photosynthesis and stomatal conductance. 
Leaf Performance and Yield 
Many researchers studied the relationship between leaf photosynthesis and yield 
(Cortes and Sinclair, 1986a; Dombos and Mullen, 1989; McCree and Femandez, 1989). 
Stomatal closure under drought decreased internal carbon concentration (McCree and 
Femandez, 1989). Cortes and Sinclair (1986a) reported that drought stress during 
leproductive growth decreased carbon exchange rate (CER) by 25 % in the remainder of the 
season and decreased total accumulated carbon. When the stress occurred during late 
reproductive growth, leaf senescence was hastened by 5 to 10 days (Cortes and Sinclair, 
1986a). Cortes and Sinclair (1986a) concluded that drought stress after mid-pod fill 
shortened the period in which plants were able to photosynthesize. Accelerated leaf 
senescence and decreased stomatal conductance under severe water stress were associated 
with the decrease in the intercepted photosynthetically active radiation and its efficiency in 
biomass production, respectively (Muchow et al., 1986). 
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In addition to decreasing stomatal conductance, drought stress may reduce leaf area 
index and plant growth, which may result in lower grain yield. Dry conditions resulted in 
early stomatal closure, higher leaf temperature, 50% reduction in carbon exchange rate, and 
68% reduction in leaf area index of soybean plants compared to irrigated conditions (Cox and 
Jolliff, 1987). Pandey et al. (1984c) reported that the increase in drought intensity decreased 
growth parameters such as leaf area index, leaf area duration, crop growth rate, and shoot dry 
matter of grain legumes. Seed yield of grain legumes was positively correlated with leaf area 
index, leaf area duration, crop growth rate, and shoot dry matter (Pandey et al., 1984c). 
Nielsen and Nelson (1998) reported that black bean {Phaseolus vulgaris L.) exposed to water 
stress during vegetative growth had lower plant height and leaf area index than did well-
watered plants. Drought stress imposed during the reproductive stage reduced number of 
pods per plant and seed number. 
Non-stomatal inhibition of photosynthesis in plants grown imder drought stress 
conditions has been reported (Cox and Jollifif, 1987). Although sunflower (Helianthus 
annuus L.) plants closed their stomata later than did soybean plants under dry-land 
conditions, LAI and CER of simflower plants grown under dry-land conditions were reduced 
by 33% and 15% compared to irrigated conditions, respectively (Cox and Jolliff, 1987). Cox 
and Jolliff (1987) concluded that stomatal closure was responsible for the reduced CER in 
soybean, but non-stomatal effects were most responsible for the reduced CER in sunflower. 
Farquhar et al. (1989) reviewed the stomatal and non-stomatal control of the reduction in 
assimilation rate of CO2 in many plant species grown under drought stress. They concluded 
that the inhibition of assimilation rate of CO2 under water stress could be due to non-stomatal 
factors. However, non-uniform stomatal closure and control was observed by Downton et al. 
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(1988) under water stress, which questioned the conclusion of Farquhar et al. (1989). 
Stomatal and non-stomatal factors controlled net CO2 assimilation of cotton (Gossypium 
hirsutum L.) under water stress (Faver et al., 1996). Under mild stress, non-stomatal control 
was more important whereas stomatal control played a greater role under severe stress (Faver 
et al., 1996). 
Leaf photosynthesis, leaf water potential, and the difference in air-canopy 
temperature may indicate the plant yield potential under drought stress. Soybean yield and 
total shoot dry weight were negatively correlated with the seasonal accumulative leaf water 
potential and the difference in air-canopy temperature (Pandey et al., 1984b). The mean 
difference in air-canopy temperature was negatively correlated with soybean seed yield 
(McKinney et al., 1989). Soybean seed yield was also strongly correlated with leaf 
photosynthetic rate under drought (Idso et al., 1977; Dombos and Mullen, 1989; Ashley and 
Boerma, 1989). Lack of photosynthate partitioning to flowers and immature pods under 
drought stress seemed to be related to flower and pod abortion in soybean (Heitholt et al., 
1986). In general, studies show that leaf photosynthetic rate, leaf water potential, and the 
difference in air-canopy temperature are correlated with soybean seed yield. 
Flowers, Pods, and Seed Set 
The sensitivity of seed set to drought stress depends upon the time of stress. The 
reduction in yield by moisture stress at anthesis may be due to failure of pollination and 
ovule development (Hill, 1980). Drought stress imposed on soybean plants increased 
reproductive abscission and decreased seed number (Schou et al., 1978). Westgate and 
Boyer (1986) reported that water stress at anthesis did not affect pollination and fertilization 
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processes in maize {Zea mays L.) but prevented embryo development 2 to 3 days after 
fertilization. Ney et. al. (1994) found that the risk of seed abortion of pea decreased when 
water stress was imposed after initiation of seed filling. When the stress was imposed before 
the linear seed filling stage, seed abortion was positively correlated to the stress intensity. 
Ney et al. (1994) concluded that water stress could affect seed number depending upon time 
of stress. Stress imposed before the linear phase of seed fill lowered seed number but the 
plants filled the remaining seeds to large size. When the stress was imposed after the linear 
filling phase, the seed number was maintained by remobilization of reserve. When the 
reserves were exhausted under long-term stress, seed size decreased as a result of shortening 
the seed filling period. 
Seed Filling Period 
Seed filling period, defined as a period of reproductive growth beginning at seed fill 
and terminating at seed maturity, was correlated with the seed yield in indeterminant soybean 
lines (Nelson, 1986). Nelson (1986) reported that R4 or R5 reproductive stage could be used 
as an estimate for the beginning of seed fill and R? as termination of seed fill. Because the 
number of pods on the main stem in the indetemiinant soybean cultivars at Rt is still 
increasing, it is difficult to predict when the plants reach R4 stage (Nelson, 1986). Nelson 
(1986) suggested using R5 to R7 duration in defining seed filling period for practical 
considerations. 
Remobilization of reserves fi-om plant tissue can provide a source of assimilates for 
growing seed when photosynthetic rate is reduced underwater stress (Egli et al., 1985; 
Meckel et al., 1984; Westgate and Grant, 1989). Remobilization of carbohydrate fi-om the 
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vegetative tissue and pericarp provided a source of assimilate for the seed under drought, 
maintaining a seed growth rate similar to non-stressed plants (Westgate and Grant, 1989). 
Water stress imposed on soybean plants during seed development increased sucrose uptake 
of excised embryos in vitro, altering sink strength to maintain the flux of the assimilates to 
the developing seeds (Westgate and Grant, 1989). 
The reduction in soybean yield grown under drought stress was due to a shorter seed 
filling period rather than inhibiting seed filling rate (seed growth rate) (Sionit and Kramer, 
1977; Smiciklas et al., 1989; Dombos and Mullen, 1989; Smiciklas et al., 1992; Meckel et 
al., 1984). Duration of seed filling phase was only affected by long-term stress (Ouattar et 
al., 1987). In maize, Westgate (1994) reported that water deficit shortened the seed filling 
period but did not alter the rate of dry matter accumulation, resulting in a decrease in the 
embryo and endosperm mass by 16% compared with the control. Re-mobilized carbohydrate 
from vegetative tissue and leaf N supported kemel growth which continued until the 
endosperm and embryo moisture content decreased to 280 and 430 g kg"' fresh weight, 
respectively. Irrigating soybean from Rs to R^ resulted in delayed maturity and lengthened 
seed filling period and an increase in seed yield (Korte et al., 1983a). 
Yield and Yield Components 
Drought stress imposed on soybean plants at the begirming of linear seed fill (R5-R7 
growth stage) decreased seed yield by 38% and 58% in two studies conducted in 1985 and 
1986, respectively (Dombos and Mullen, 1989). Smiciklas et al. (1992) reported a 38% 
reduction in soybean seed yield when the plants were stressed at R5 growth stage. Vieira 
(1991) found a 41% reduction in soybean yield for plants stressed at R5. Drought stress 
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imposed during reproductive growth reduced the yield of pea (Pisum sativum L.) (Fougereux 
et al., 1997), faba bean (Viciafaba L.) (Xia, 1997), wheat {Triticum aestivum L.) (Moustafa 
et al., 1996), and maize (Grant et al., 1989). 
Irrigation during reproductive stage protects plants from drought stress and improves 
their seed yield. Single irrigation applied at R3 or R4, increased soybean yield over years and 
cultivars tested compared with non-irrigation condition (Kadhem, 1985). Kadhem (1985) 
reported that the irrigation x cultivator interaction was significant, indicating that highest 
yield was obtained from single irrigation at R3 or R4 for indeterminate cultivars and from 
seven irrigations applied during reproductive stages for the determinate cultivars. Seven 
irrigations for the indeterminate cultivars increased plant height and lodging, which led to a 
reduction in yield compared with single irrigation (Kadhem, 1985). In a two-year field 
experiment, Heartherly (1996) studied the effect of irrigation on seed yield of different 
maturity groups of soybean cultivars planted at two dates (April vs. May) in the midsouthern 
USA,). Heartherly (1996) reported that irrigation in April and May planting dates increased 
yield by 32% and 36% in 1992 and by 37% and 40% in 1994 compared with non-irrigated 
plants, respectively. 
Drought stress reduced soybean yield and yield components (Dorabos and Mullen, 
1989; Vieira et al., 1992). In a three-year study, Vieira et. al. (1992) reported that drought 
stress significantly reduced soybean yield and yield components. Both seed number and size 
were reduced under water stress (Yaklich, 1984;Vieira et al., 1991; Vieira et. al., 1992). 
Drought stress at R5 growth stage decreased soybean seed number, yield, and seed size 
averaged over two field studies by 36%, 39%, and 6% compared with non-stressed plants, 
respectively (Smiciklas et al., 1992). 
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There was a linear relationship between total water applied plus rainfall and soybean 
yield and yield components (Pandey et. al., 1984a). As the total water applied decreased, 
there was a reduction in yield in terms of pod number m"", seed per pod, and 100 seed weight 
(Pandey et al., 1984a). Ramseur et al. (1984) reported that soybean irrigation increased seed 
yield by increasing pod number per plant, and seed number. Seven irrigation periods during 
soybean reproductive growth stage increased seed number per plant and decreased 100-seed 
weight compared with non-irrigated plants, resulting in smaller seed size. Single irrigation at 
R3 and R4 resulted in more seed number per plant and greater 100-seed weight compared 
with non-irrigated plants. The reproductive period of R3 and R4 appeared to have the highest 
response to irrigation than Ri, R2, R5, and R^ periods (Kadhem, 1985). 
In faba bean, drought stress treatments from initiation of pod set to full pod set 
growth stage (D4) reduced seed yield by 45% compared with irrigation treatments (Xia, 
1997). Xia (1997) found that drought stress imposed from full-pod set to maturity growth 
stage (D5) did not decrease pod number per plant but decreased seed number plant*' and seed 
weight. Drought at D4 had the least pod number and seed number plant"' (Xia, 1997). He 
concluded that D4 growth stage in faba bean was the most sensitive stage to drought stress. 
The reduction in seed yield under drought stress was mainly due to the reduction in 
seed nimiber per plant at a rate higher than the reduction in seed weight (Dombos and 
Mullen, 1989). Drought stress reduced soybean pod number by 22 and 50%, seed number by 
28 and 51%, and seed weight by 13 and 14% in two years of experiments conducted in 1985 
and 1986, respectively (Dombos and Mullen, 1989). Drought stress at R5 decreased soybean 
yield mainly by decreasing seed number (Smiciklas et al., 1989). Occurrence of drought 
stress dxiring the early reproductive stages of soybean increased pod abortion (Korte et al.. 
1983b). Drought stress decreased yield and yield components of mungbean (Vigna radiata 
L.), cowpea (Vigna unguiculata L.), soybean {Glycine max h.), peanut (Arachis hypogeae L.) 
(Pandey et al., 1984a). Pod number m'" was affected most by the drought, followed by seed 
number per pod; seed weight was the least affected (Pandey et al., 1984a). Soybean seeds 
exposed to water stress during seed fill had 15 to 33% reductions in seed weight, lower 
percentages of ruptured seed coats, and 6 to 37% increases in impermeable seeds compared 
with well-watered plants (Hill et al., 1986b). Drought stress decreased soybean yield and 
number of seeds compared with irrigated plants but drought stress had little effect on seed 
weight. Drought stress at Rs decreased soybean yield mainly by decreasing seed number per 
plant at a higher rate than decreasing seed weight. 
Drought Acclimation and Tolerance 
Osmotic adjustment is a physiological mechanism that helps plants tolerate water 
stress. In osmotically adjusted plants, solute accumulation in the cell can maintain cell 
turgidity at lower water potential (Taiz and Zeiger, 1998). Under drought stress conditions, 
tolerant genotypes of sunflower had delayed wilting and maintained turgidity at lower leaf 
water potential than sensitive genotypes (Ouvrard, 1996). Osmotic adjustment was observed 
in grass species (Bittman and Simpson, 1989) and soybean plants grown under water stress 
(Cortes and Sinclair, 1986b). 
Moustafa et al. (1996) evaluated osmotic adjustment in wheat plants based on plotting 
turgor pressure as a function of leaf water potential in a linear slope except in the region of 
high water potential. The results indicated that wheat cultivars with steeper slope had greater 
osmotic adjustment. The osmotic adjustment was greater at tillering stage than at heading 
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stage for all cultivars tested (Moustafa et al., 1996). It was not clear, however, whether the 
differences among cultivars in allocation of biomass to grain under water stress were due to 
osmotic adjustment (Moustafa et al., 1996). 
A drought-tolerant-soybean genotype PI416937 (PI) maintained turgidity during 
seed-filling stage (Carter and Rufty, 1993), had higher transpiration and net carbon exchange 
rates, and higher yield (Sloane et al., 1990) under drought stress. Drought tolerance in the PI 
genotype was associated with greater mass, volume, and surface area of root (Hudak and 
Patterson, 1995), lower solute potential, higher pressure potential and relative water content 
of leaf (osmotic adjustment) (Sloane et al., 1990), and more tolerance to high level of soil Al 
(Goldman et al., 1989). In contrast, Cortes and Sinclair (1986b) reported that osmotic 
adjustment was not associated with higher yield for soybean plants grown under water stress. 
Stomatal closure can be another effective mechanism for plants to adjust to drought 
stress (Wenkert et al., 1978). Drought tolerance in soybean may be related to the degree of 
stomatal closure under limited water conditions (Wenkert et al., 1978). The old soybean 
cultivars had greater stomatal closure under non-irrigated conditions (Frederick et al., 1990) 
and lower afternoon leaf water potential under rainfed condition (Boyer et al., 1980). Lxjwer 
leaf water potential might contribute to lower yield in older cultivars under normal water 
conditions. Older cultivars, however, were more efficient in conserving water under drought 
stress by closing their stomata (Frederick et al., 1990). 
Comparing two species, cowpea and sugarbeet, McCree and Richardson (1987) 
reported that the two species responded differently to water stress. Cowpea had closed 
stomata imder stress and maintained a high water potential whereas sugarbeet had open 
stomata and lowered water potential (osmotically adjusted) to maintain the leaf turgidity 
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(McCree and Richardson, 1987). The water-loss rate at any given water potential was lower 
in cowpea than sugarbeet, but both had similar rates at any given day. Sugarbeet gained 
slightly more carbon than cowpea (McCree and Richardson, 1987). McCree and Richardson 
(1987) concluded that osmotic adjustment provided little or no advantage in carbon-gain than 
stomatal closure. 
Photosynthetic capacity might be another factor in determining plant tolerance to 
water stress. Working with two cotton cultivars, TAMCO HQ95 and G&P 74 -r, Gerik et al. 
(1996) reported that the ability of HQ95 to yield more under drought stress could be due to 
its higher intrinsic photosynthetic capacity and carbon partitioning to the boll (higher harvest 
index). In maize, accumulated net photosynthesis across new and old hybrids was lower in 
drought stress treatments than well-watered treatments (Nissanka et al., 1997). However, 
new maize hybrids had higher acciunulated net canopy photosynthesis imder drought stress 
and recovered faster after rehydration than old hybrids, indicating that new hybrids were 
more drought tolerant than old hybrids (Nissanka et al., 1997). 
Rapid versus slow rates of water stress may be another factor in determining the 
plants ability to adjust to water stress. Under gradually accxmiulating soil water deficits, 
carrot {Daucus carota L. var. sayiva DC.) plants were better able to sustain some 
photosynthate supply by maintaining partially opened stomata and higher stomatal 
conductance compared with plants growing in rapidly developing soil water deficits 
(Hutmacher et al., 1990). Mild water deficit in the soil reduced leaf conductance and 
hastened flowering of wheat plants grown in the field (Ali et al., 1999). As water stress 
intensified (stress developed slowly), cotton {Gossypium hirsutum L.) plants had lower leaf 
net assimilation rate of CO2 (Faver et al., 1996). Two cycles of drought conditioning 
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increased mRNA abundance and enzyme activity of S-adenosylmethionine synthase in root 
of jack pine (Pinus banksiana Lamb.), subsequently increased abundance of ethylene and 
betaine that utilized S-adenosylmethionine as a substrate, and enhanced survival of the pine 
seedlings under prolonged drought stress (Mayne et al., 1996). Ethylene and betaine may 
play a role in plant adaptability to drought stress. Oliver and Bewley (1997) reviewed the 
rate of the recovery from the desiccation stress for the vegetative tissue of Tortula ruralis 
moss. They concluded that the faster the desiccation stress, the slower the T. ruralis moss 
recovered from the stress. 
Breeding for drought tolerant crops was a yield-limiting factor when plants were 
grown under non-stressed conditions (Lafitte and Edmeades, 1995). Selection for drought 
tolerance decreased florets per ear under non-stressed conditions, increased the lag period 
between pollination and the onset of linear grain growth, and increased number of kernels per 
plant across environments (Lafitte and Edmeades, 1995). Although drought tolerance 
improved yield under low N, selection for drought tolerance did not significantly increase 
grain yield under non-stressed conditions (Lafitte and Edmeades, 1995). 
Effect of Drought Stress on Soybean Seed Quality 
Production of Siiriveled, Wrinkled, and Miss-shaped Seeds 
Production of shriveled seeds is genetically controlled (Koorstra, 1962), and 
phenotypic expression is influenced by environmental conditions. The phenotypic 
expression of shriveled seeds in soybean interacted with environmental factors, particularly 
night temperature (Honeycutt et al., 1989). Hesketh et al. (1973) observed that soybean 
plants produced shriveled seeds when the plants were grown at 30°C in the greenhouse 
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compared with plants grown at 27°C. Delouche (1980) reported that a severe stress during 
soybean seed development resulted in more light and shriveled seeds. Shriveled-seed 
soybean mutants showed variation in the percentage of shriveled seeds produced (Honeycutt 
et al., 1989) when grown at different locations, providing added evidence that environmental 
factors affected the degree of phenotypic expression. 
Shriveled soybean seeds had faster rates of dehydration compared with un-shriveled 
seeds (Chen et al., 1998). The lowered activity of a-amylase and slower breakdown of 
starch to soluble sugars (higher ratio of starch to soluble sugars) were associated with the 
greater loss of water in shriveled seeds (Chen et al., 1998). Chen et al. (1998) suggested that 
the development of shriveled seeds was related to the changes in the accimiulation of 
carbohydrates and protein bodies. 
Drought stress during reproductive growth may result in production of small, 
shriveled, wrinkled, and other off-type soybean seeds. Irrigation of soybean during pod 
formation reduced the occurrence of physiologically damaged seed (Korte et al., 1983a). In 
contrast, Vieira et al. (1991) reported that drought stress imposed during soybean seed fill 
produced few shrunken and shriveled seeds. 
Many researchers have reported that shriveled seeds had inferior seed quality 
compared with normal seeds. Germination of shriveled seeds developed under defoliation 
stress ranged from 11 to 75%, which was lower than germination of normal rounded seeds 
(Vieira et al., 1992). Wrinkled (shriveled) seeds obtained from plants exposed to drought 
stress in the field had standard germination as high as normal rounded seeds; however, their 
seed vigor, as estimated by germination after accelerated aging, was lower than normal seeds 
(Vieira et al., 1991). 
Production of Hard Seeds (Impermeable Seed Coat) 
Hard seeds were defined by AOS A (1991) as "seeds which remain hard at the end of 
the prescribed test period because they have not absorbed water due to an impermeable seed 
coat". The prescribed test period for soybean in AOS A rules (1991) was eight days. The 
impermeable seed coat trait has been called "hardseededness". 
Seed size may influence the expression of impermeable seed coat. The expression of 
impermeable seed coat increased as seed size decreased (Hill et al., 1986a; Dombos and 
Mullen, 1991). Soybean lines with impermeable seed coats had smaller seeds (Arechavaleta-
Medina and Snyder, 1981) and a higher ratio of seed coat to seed embryo (Yaklich et al., 
1986). Hardseededness in smaller seeds may be due to the higher ratio of seed coat to seed 
embryo (Yaklich et al., 1986). However, the mechanisms to explain how the differences in 
the ratio of seed coat to seed embryo affect the expression of hardseededness were not 
explained. 
Expression of impermeable seed coat in soybean might be influenced by the adverse 
environmental conditions during seed development and maturation (Heatherly and Kenty, 
1995). Drought increased the proportion of hard seed, especially in the smaller size fraction 
(Vieira et al., 1991). High temperature and drought increased the percentage of 
hardseededness in soybean and high temperature had a greater effect than drought (Dombos 
and Mullen, 1991). Drought stress affected seed coat thickness, composition, and 
impermeability (Nooden et al., 1985). Expression of the hardseededness trait might protect 
the seeds from premature termination of seed growth (Yaklich et al., 1986). 
In a two-year field study, Heatherly and Kenty (1995) reported that the expression of 
the impermeable seed coat trait in soybean was more affected by diverse weather patterns 
than the irrigation treatments. Effect of drought stress on expression of impermeable seed 
coat characteristic may interact with the time of stress imposed and other adverse 
environmental conditions during seed development and maturation. Drought stress during R5 
to increased the expression of the impermeable seed coat trait by 22% in seeds grown in a 
relatively cool, wet season compared with irrigation conditions, but had no effect on the 
expression of the trait in seeds grown in a hot, dry season (Heatherly and Kenty, 1995). 
When drought stress occurred after R^, the stress increased the expression of impermeable 
seed coat trait (Heatherly and Kenty, 1995; Hill et al., 1986b). Irrigation of soybean during 
seed filling period decreased impermeable seed coat trait (Heatherly and Kenty, 1995; Hill et 
al., 1986b) and increased seed germination (Heatherly and Kenty, 1995). 
The advantages and disadvantages of the impermeable seed coat trait in soybean in 
regard to seed viability and germination have been studied (Potts, 1985; Heatherly and 
Kent>', 1995). Although impermeable seeds (hard seeds) had poor germination, the seeds 
were almost all viable (Heatherly and Kenty, 1995; Potts, 1985). Soybean seeds with 
impermeable coats retained viability better than seeds with permeable coats imder field 
weathering (Heatherly and Kenty, 1995; Potts et al., 1978; Potts, 1985; Hartwig and Potts, 
1987) and poor storage conditions (Heatherly and Kenty, 1995; Potts, 1985). The hardseeded 
soybean lines were more resistant to seed infection by Phomopsis and soybean mosaic virus 
(Roy et al., 1994). Stand establishment of soybean genotypes with impermeable seed coats 
was high when planted in wet, high clay soils, while their emergence was low under dry, low 
moisture soils (Potts, 1985). Although the impermeable seed coat line might have final 
emergence similar to a permeable line, the speed of emergence of the impermeable seed coat 
line was much slower than the permeable one (Potts, 1978). This slow emergence caused 
21 
less uniformity in seedling size and height, more problems in application of post emergence 
herbicides and interplant competition (Potts, 1978). In addition, the hard seeds had undesired 
small size and might act as volunteer plants in succeeding crops (Potts, 1985). 
Production of Etched Seed Coat 
The etched seed coat trait was positively correlated with seed weight, volume, and 
width (Hill et al., 1986b). Hill et al. (1986b) suggested that cotyledon expansion of growing 
soybean seeds was related to production of soybean seeds with etched seed coats. The 
occurrence of etched seed coat was negatively correlated with the occurrence of 
hardseededness (Hill et. al., 1986b). 
High seed coat etching resulted in lower seed germination (Burchett et al. 1985). 
Burchett et al. (1985) found that etched coat seeds had lower warm germination by about 
18% across years, locations, and genotypes. Etched seeds, with low moisture content (8%), 
were also more vulnerable to damage when the seeds were dropped from a 6-m height 
compared with non-etched seeds. In contrast, Gibson and Mullen (1996) found no 
correlation between the incidence of seed coat etching in soybean and warm germination. 
Irrigation did not influence the incidence of seed coat etching but increased 
germination by 2% (Burchett et al., 1985). In this study, Burchett et al. (1985) failed to 
identify the environmental conditions that caused seed-coat etching. 
Seed Germination and Vigor 
Adverse environmental conditions during seed development and maturation may 
affect seed quahty. High day/night temperature of 35/30°C during seed fill and maturation 
reduced soybean standard germination, germination after the accelerated aging test, and 
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seedling axis dry weight by 25%, 39%, and 36%, respectively compared with a day/night 
temperature of 30/20°C, respectively (Gibson and Mullen, 1996). A decrease in seed 
germination from 87 to 50% was reported by Keigley and Mullen (1986) when soybean 
plants were exposed to an increase in day/night temperature from 27/22 to 32/28°C during 
seed growth and maturation. Dombos and Mullen (1991) reported that a decrease in 
germination and seedling axis dry weight of 12% and 21% was observed when day/night 
temperature increased from 29/20 to 35/20°C during seed fill stage, respectively. Seed 
viability and vigor were reduced when seeds matured under unfavorable environmental 
conditions such as high temperature, high precipitation, and high relative humidity (Tekrony 
et al., 1980). Hot, dry weather during seed maturation lowered seed quahty as estimated by 
standard germination and field emergence (Green et al., 1965). 
Many researchers have reported that drought stress during reproductive growth 
lowered seed germination and vigor. Seed quality, estimated by standard germination, was 
lower for seeds harvested from plants grown under drought than seeds harvested from 
irrigated plants (Drummond et al., 1983). Smiciklas et al. (1992) reported that drought stress 
at seed fill (R5) reduced seed germination percentage, seedling dry weight, and increased the 
electrical conductivity of seed leachate. The reduction in gennination percentage under the 
stress was approximately 9% compared with non-stressed plants (Smiciklas et al., 1992). 
Abnormal seedlings represented the majority of the non-germinated seeds that were obtained 
from drought-stressed plants (Smiciklas et al., 1989). Drought stress imposed on soybean 
during seed fill (R5) decreased standard germination by 5%, seed vigor, as estimated by the 
decrease in seedling dry weight, by 12%, and an increase in electrical conductivity of seed 
leachate by 19% (Dombos and Mullen, 1985; Dombos and Mullen, 1989). In four field 
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experiments conducted at Stoneville, Mississippi, using soybean maturity groups FV, V, and 
VI, Heatherly (1993) reported that non-irrigated plants produced seeds with low standard 
germination (less than 70%) in all experiments when irrigation was withheld at different 
periods during reproductive growth (Ri to R^). Irrigation (from flowering through seed fill) 
was required to improve seed germination in all experiments (Heatherly, 1993). 
Other researchers reported that drought stress during seed development reduced seed 
vigor but had no effect on seed germination (Yaklich, 1984; Fougereux et al., 1997; lannuce 
et al., 1996). Drought stress during soybean pod fill reduced seed vigor, as measured by the 
accelerated aging test, but had no effect on lab and field emergence (Yaklich, 1984). A 
reduction in seed vigor, estimated by electrical conductivity and cold tests, was observed in 
pea seeds obtained from plants exposed to drought stress during the entire reproductive 
period, but seed germination was not affected (Fougereux et al., 1997). They reported that 
the decrease in seed quality was higher when drought stress occurred during the seed filling 
stage. Moisture stress imposed upon four forage legumes, berseem clover {Trifolium 
alexandrium L.), crimson clover (T- incamatum L.), Persian clover (J. resupinatum L.) and 
squarrosum clover (T. squarrosum L.), reduced yield and yield components but had no effect 
on germination, germination rate index, seedling growth rate, and accelerated aging test 
(lannuce et al., 1996). However, seedling dry weight was significantly reduced imder 
moisture stress (laimuce et al., 1996). Seed vigor in berseem clover, estimated as 
germination after the accelerated aging test, was also reduced when plants were exposed to 
water deficit during seed fill (lannuce et al., 1996). 
Other researchers reported that drought stress during seed development had no effect 
on seed germination and vigor. Vieira et al. (1992) foimd that drought stress imposed at 
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beginning seed stage (R5) or full seed stage (R^) had no effect on seed quality, as estimated 
by seed germination, accelerated aging, and cold tests, across four cultivars of determinant 
and indeterminant soybean cultivars and three years of study, except for a slight reduction in 
3-day germination and electrical conductivity. They attributed the reduction in 3-day 
germination in some of the drought stress treatments to the occurrence of hard seeds. 
Drought stress had little effect on seed quality unless it was severe enough to produce 
shriveled, shrunken, and miss-shaped seed (Vieira et al., 1991; Vieira et al., 1992). The 
proportion of shriveled, small, undeveloped soybean seeds that developed under drought 
stress in a two-year study was small and could be removed by conditioning to improve the 
quality of the remaining seeds (Vieira et al., 1991, Vieira et al., 1992). Irrigation increased 
soybean yield but had no effect on seed quality (Kadhem et. al., 1985). In peanut, water 
deficit during seed development slightly lowered seed germination, but had no effect on 
seedling vigor (Ketring, 1991). 
On the other hand, researchers have reported that irrigation might lower seed quality 
as a result of competition for photosynthate among the seeds in well-watered plants carrying 
high seed load (lannuce et al., 1996). Water application increased carrot seed yield, but 
decreased seed germination (lannuce et al., 1996). The reduction in seed germination of the 
well-watered carrot plants might be due to the competition among the seeds in the newly 
initiating and maturing umbels, which might lead to less photosynthate available within each 
umbel to complete seed maturation (lannuce et al., 1996). However, the seeds harvested 
from water-stressed plants had lower vigor, measured as seedling root length, than irrigated 
plants (lannuce et al., 1996). Similarly, Burris (1973) reported that soybean seed quality 
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might decline under well-watered conditions due to the high number of pods carried by the 
well-watered plants. 
Seed Size, Weight, and Position on the Plants 
The reduction in size and weight of seeds for plants exposed to drought stress during 
seed development may correlate with seed quality. Seed weight of soybean plants grown 
under drought stress was negatively correlated with seed quality' measured as seed 
germination, seedling dry weight, and electrical conductivity of the seed leachate (Dombos 
and Mullen, 1989). Germination of heavier soybean seed was better than the lighter ones 
(Burns et al., 1973). Emergence of soybean decreased significantly when seed size was 
smaller than 9 grams per 100 seeds (Burns et al., 1973). Seed weight of four forage legumes, 
berseem, crimson clover, Persian clover, and squarrosum clover, grown under drought was 
strongly correlated (r^=0.91) with seedling dry weight (lannuce et al., 1996). In berseem and 
squarrosum clovers, seed weight was also positively correlated with seed germination and 
speed of germination (lannuce et al., 1996). 
Since drought stress and pod position on the plants affect seed weight, both factors 
may affect seed quality. Seeds located on the upper position of the main stem of drought-
stressed-determinant-soybean plants had higher seed quality than seeds located on other 
canopy positions (Dombos and Mullen, 1985; Smiciklas et al., 1992). This higher seed 
quality could be due to larger seed formed in the upper part of the canopy (Dombos and 
Mullen, 1985; Smiciklas et al., 1992). Seeds harvested from the bottom part of the stem and 
branch had higher leachate (lower quality) than seeds harvested from other regions 
(Smiciklas et al., 1992). Keigley and Mullen (1986) reported that seeds located on the 
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middle region of the stem had higher seedling weight than seeds from other regions. The 
upper portion of drought-stressed plants had larger seeds and better quality. 
Seed Element Concentration 
Drought stress may affect element mobility in the soil and the rate of element uptake 
by the plants. Kirkby (1979) reported that the rate of calcium uptake was related with rate of 
water uptake. Reduction in Ca uptake by stems, leaves, and pods of soybean plants grown 
under drought stress was reported by Batchelor et al. (1984). Femandez et al., (1996) 
observed a nitrogen deficiency in cotton plants exposed to water stress. 
Faba bean plants subjected to drought from initiation of pod set to full pod set 
(growth stage D4) or from full pod set to maturity (growth stage D5) had the greatest 
reduction in N, P, and K concentration in the leaves, stems, flowers, and pods 17-19 days 
after the drought was imposed (Xia, 1997). However, concentration of N, P, and K in the 
grain was not affected by the stress (Xia, 1997). Xia (1997) reported that remobilization of 
nutrients to the grain after re-watering could compensate for the reduction in grain nutrient 
concentration under drought. Although drought stress did not decrease N, P, and K 
concentration in the grain, total N, P, K in the grain decreased as a result of the reduction in 
grain yield under drought stress (Xia, 1997). 
Nutrient concentration in seeds obtained from plants exposed to drought stress may 
correlate with seed quality. Smiciklas et al. (1989) found that seed-Ca concentration was 
negatively correlated with the electrical conductivity of seed leachate (seeds with less 
leachate had higher vigor) and positively correlated with seed germination. When they 
applied Ca to the germination media, the germination of Ca-deficient seeds harvested from 
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plants stressed at seed filling stage (R5) was improved to the level of non-stressed seeds. 
However, applying Ca to the germination media improved the germination of Ca-non-
deficient seeds harvested fi-om plants stressed at full seed stage (R<5), which indicated that 
other factors beside Ca were responsible for the reduction in seed germination under drought 
(Smiciklas et al., 1989). Smiciklas et al. (1989) reported that seed germination was 
negatively correlated with P, Fe, and Zn concentration in soybean seeds stressed during 
reproductive growth. Concentrations of P, Fe, Zn, N, Mg, and Bo were negatively correlated 
with seedling dry weight while K concentration was positively correlated (Smiciklas et al., 
1989). Seed and germination media that were deficient in Ca-concentration resulted in 
production of physiologically abnormal seedlings of several horticultural crops (Helms and 
Myers, 1972; Bradnock et al., 1972). They found that adding Ca to the germination media 
removed the deficiency and restored maximum germination levels. Lupin seed {Lupinus 
angiistifolins L.) with low manganese concentration had lower emergence, more abnormal 
seedlings, and produced plants with lower shoot dry weight compared with non-deficient 
seeds (Longnecker et al., 1996). Adding manganese fertilizer to the seeds did not overcome 
the negative effects (Longnecker et al., 1996) of manganese deficiency. In general, seed 
element concentration is an important response to drought and correlates with seed quality. 
Expressions and Functions of Deiiydrin-Like Proteins in Seeds 
Protein Synthesis in Response to Drought Stress 
Taiz and Zeiger (1998) described plant responses to water stress at the morphological, 
physiological, and metabolic levels. At the morphological level, leaf expansion and growth 
are the most sensitive responses to water stress. The reduction in leaf expansion and growth 
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under water stress may due to the reduction in the cell pressure potential. As plants are 
exposed to more severe water stress, stomatal closure occur through a hormonal signal 
mediated by abscisic acid (ABA), which regulates water loss and CO2 gain in the water-
stressed plants. ABA and water stress have been shown to be involved in inducing 
expressions of numerous gene (Bray et al., 1996). 
Increase and decreases in protein synthesis under water stress have been reported in 
the literatiire. Although water stress resulted in an overall decline in protein synthesis, an 
increase in synthesis of several proteins detected by two-dimensional gel electrophoresis has 
been shown in soybean (Bensen et al., 1988). In maize, water stress increased the expression 
of 50 proteins, decreased the expression of 23 proteins, and induced 10 proteins only in the 
stressed plants out of 413 spots detected by two dimensional gel electrophoresis (Riccardi et 
al., 1998). The various proteins identified were known to be involved in plant response to 
water stress such as RAB17 (Response to ABA) protein, and enzymes involved in metabolic 
pathways such as glycolysis, Krebs cycle, and lignin synthesis pathways (Riccardi et al., 
1998). 
Rate of water stress might influence the pattem of gene expression in plants. Gene 
expression in response to abrupt water stress might differ from gradual water stress (Riccardi 
et al., 1998). In potato plants, different polypeptides were detected in gradually stressed 
plants versus suddenly stressed plants (Leone et al., 1994). 
Dehyrin Protein Synthesis in Response to Drought Stress 
Definition of Dehvdrins 
Proteins synthesized in response to water stress or ABA are identified as dehydrin 
(dehydration-induced) and RAB (response to ABA [RAB17]) proteins. Dehydrin is a family 
of proteins reported to be induced in response to various environmental stresses such as 
water, salt, and cold stresses (Close, 1996). Dehydrin proteins present in cyanobacteria 
(Close and Lammers, 1993) and several plant species (Close et al., 1989). 
Immunolocalization studies showed that dehydrin proteins might be present in the cytoplasm 
(Mundy and Chua, 1988; Baker et al., 1995) or in the nucleus (Goday et al., 1994). Dehydrin 
proteins were expressed in cotton during seed desiccation along with late embryogenesis 
abundant proteins (LEA proteins) (Han, et al., 1997). RAB and dehydrins are classified as 
class n LEA proteins (Leprince et al., 1992). 
Many dehydrin proteins were identified as Wcs200 (Takahashi et al., 1994) and 
RAB21 (Mundy and Chua, 1988) in rice, Wcs200 in wheat (Oullet et al., 1993), G50 
(Ceccardi et al., 1994) in maize, TAS14 (Godoy et al., 1994), LE4 and LE25 (Bray et al., 
1996) in tomato, and CAP85 (cold and dehydration acclimated protein) in spinach leaf 
(Neven et al., 1993). 
Dehydrins have been characterized by three major conserved amino acid sequences 
(Close, 1996). A highly conserved lysine-rich sequence of EKKGIMDKIKEKLPG amino 
acids (K segment) has been reported to exist near the carboxyl terminus of dehydrin proteins 
and repeated one to many times within the protein (Close, 1996). Many dehydrins contained 
a tract of serine residue (S segment) (Close, 1996). However, Close et al. (1995) 
characterized a dehydrin protein without a serine residue. Another sequence of amino acid 
DEYGNP (Y segment) of dehydrin protein has been found near the amino terminus of many 
dehydrins (Close, 1996). The three sequences were given an "YSK" abbreviation by Close 
(1996). 
Other characteristics of dehydrin and RAB proteins are their hydrophilic nature, 
resistance to denaturing by heat, lack of cysteine and tryptophan, responsiveness to ABA, 
and the presence of a lysine-rich sequence (Close et al., 1989; Mundy and Chua, 1988; 
Vilardell et al., 1990; Close, 1996; Godoy et al., 1996). Dehydrin proteins, detected in com 
and barley seedlings in response to dehydration, were hydrophilic, glycine rich, and free of 
trptophan and cysteine amino acids, and contained a conserved, repeating lysine-rich 
sequence of amino acids occurring twice at the carboxyl terminus and throughout the 
proteins (Close et al. 1989). Dehydrin proteins in com and barely seedlings were similar to 
ABA-induced rice proteins and, to some extent, similar to cotton embryo proteins (Close et 
al. 1989). 
Dehvdrin Accumulation during Seed Development and Maturation, and Presence after 
Germination 
During seed development, dehydrin proteins accumulated along with other late 
embryogensis abundant (LEA) proteins (Galau et al., 1986). First detection of two classes of 
LEA transcripts in Ricinm communis endosperm was observed during mid-seed development 
and substantially increased before seed desiccation. Upon desiccation, abundance of class I 
transcripts decreased while Class n transcripts were preserved in the mature seeds (Han et 
al., 1997). A subset of LEA proteins (dehydrin proteins) were synthesized in Ricinus 
communis endospenn during seed development, and persisted in the dried seeds. Dehydrin 
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proteins were not evident in endosperm of seeds that were prematurely dried (Han et al., 
1997). 
In seeds after germination, mRNAs of LEA proteins degraded in a few hours while 
dehydrin mRNAs were detected following imbibition and rehydration (Han et al., 1997). 
Dehydrin proteins were very stable after drying the matiu-e seeds and persisted for several 
days after rehydration. However, dehydrin proteins in prematurely dried developing seeds 
degraded in two days after rehydration (Han et al., 1997). 
Dehvdrin-Induction in Response to Environmental Stresses 
Plants in different species respond to different stresses by accumulating similar 
proteins (Dure, 1993b; Close et al., 1993). Many families of late embryogensis abundant 
(LEA) proteins have been reported to be involved in plant response to environmental stresses 
(Dure et al., 1989). Transcripts of LEA proteins, detected by RNA hybridization, increased 
under dehydration conditions and were positively correlated with the endogenous ABA 
(Curry et al., 1991). Expression of dehydrin proteins (class n LEA proteins) was induced in 
response to water stress (Bradford and Chandler, 1992), salt (Espelund et al., 1992), low 
temperature (Neven et al., 1993), and ABA (Bradford and Chandler, 1992). A cold-induced 
protein with 85 KDa (COR85), identified as a class II LEA proteins (dehydrin protein) 
accumulated in response to drought and low temperature (Kazuoka and Oeda, 1994). 
Expression of dehydrin proteins under low temperature has been reported in several 
plant species. Dehydrin proteins have been involved in cold acclimatization in both sibling 
deciduous and evergreen genotypes of peach (Prunus persica [L.] Batsch) (Artlip et al., 
1997). Dehydrin expression and accimiulation in the deciduous and evergreen genotypes of 
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peach increased during winter and were un-detectable during summer (Artlip et al., 1997). 
However, dehydrin proteins had earlier expression and earlier decline in the deciduous 
genotype (more cold tolerant) than in the evergreen genotype (less cold tolerant) (Artlip et 
al., 1997). Field- and greenhouse-grown plants of bromegrass (Bromus inermis Leyss) and 
rye (Secale cereale) accumulated dehydrin transcripts in response to low temperature, 
indicating that the plants with higher levels of dehydrin transcripts were more freezing 
tolerant (Robertson et al., 1994). 
Many researchers also studied the expression of dehydrin proteins under water stress 
in several plant species. Dehydration of barley and maize seedlings induced the synthesis of 
dehydration-induced proteins (dehydrin proteins) (Close and Chandler, 1990). Polypeptides 
from dehydrating wheat and barley seedlings reacted immvmologically with antibodies raised 
against maize dehydrin, indicating that dehydrin proteins were similar among grasses (Close 
and Chandler, 1990). Water stress induced dehydrin expression in peach (Artlip et al., 1997). 
Dehydrin mRNAs were expressed more in the dehydrating than in well-watered seedlings of 
maize and barley (Close et al., 1989). Ouvrard (1996) studied the transcription pattern of 
drought-stress genes in drought-tolerant and -sensitive simflower genotypes under water 
stress. Transcripts of six drought-stress genes involved in essential biochemical and 
physiological flmction in plant cells were induced by drought stress in both genotypes but 
three of the six transcripts were expressed in higher levels in the tolerant genotype than the 
sensitive genotype (Ouvrard, 1996). Transcripts of dehydrin-like proteins (sdi -8) 
accumulated in sunflower leaves of both genotypes in response to drought stress but were at 
a higher level in the tolerant genotypes (Ouvrard, 1996). 
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In contrast, dehydrin proteins were expressed constitutively in Arabidopsis thaliana, 
and were not induced in response to water stress or ABA (Welin et al., 1994). ABA-mutant 
Arabidopsis plants had no different pattern of dehydrin expression (Welin et al., 1994). 
Dehydrin mRNAs were not detected in roots, stems, or leaves of un-stressed tomato (Godoy 
et al., 1990), but were detected at very low levels in non-stressed tobacco plants (Godoy et 
al., 1996). 
Dehvdrin-Induction in Response to ABA 
Abscisic acid (ABA) concentration increased in seeds during late seed development 
and maturation and then declined as seeds desiccated (Quatrano, 1986). Pea seeds {Pisum 
sativum L.) showed two peaks of ABA, one peak followed the maximum growth of the testa 
and other peak followed the maximum growth of the embryo (Wang et al., 1987). ABA has 
been reported to be involved in regulation expression of maturation proteins (Quatrano, 
1986; Galau et al., 1986, Espelund et al., 1995). Arabidopsis thaliana mutants (vivipary 
mutants), deficient and insensitive to ABA, had lower accumulation of maturation proteins, 
were intolerant to desiccation, and failed to germinate after drying (Koomneef et al., 1989; 
Meurs et al., 1992). 
Regulation of gene expression by ABA suggests that ABA may have a role regulating 
the plant response to dehydration (Davies and Mansfield, 1983) and in mediating the drought 
tolerance in plants (Chandler and Robertson, 1994). Under water deficient conditions, ABA 
regulated the expression of a group of drought-induced genes (Bray et al., 1996). Dehydrin-
like proteins in pea seedling were induced in response to ABA (Baker et al., 1995). In 
contrast, Robertson and Chandler (1992) reported that the expression of dehydrin and LEA 
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proteins in developing seeds might not be regulated by ABA. Expression of RAB/dehydrin 
proteins in the immature embryo of barley in response to an osmotic stress imposed using 
mannitol was independent of the ABA pathway (Espelund et al., 1995). Two ABA-response 
proteins, ABR17 and ABR18, were synthesized in Pisum sativum seeds during desiccation 
(Barratt and Clark, 1991). Characterization of the two proteins revealed that they were 
similar in amino acid composition and 56% identical in their N-temiinal sequence, but the 
two proteins had no homology in their N-terminal sequence to any of LEA or dehydrin 
proteins (Baratt and Clark, 1991). 
Proposed-Mechanisms of Dehvdrin Function 
A proposed role of dehydrins, LEA, RAB, and other stress proteins has been in 
protecting cells from dehydration stress (Bray, 1993; Artlip et al., 1997; Close and Chandler, 
1990; Dure et al., 1989). The highly conserved lysine-rich sequence (K segment) within 
dehydrin proteins forms a secondary structure (an amphiphilic a helix), which suggests that 
the K segment is an essential part for dehydrin function under dehydration stress (Close et 
al., 1989; Robertson and Chandler, 1994; Dure et al., 1989; Dure, 1993b; Godoy et al., 1990). 
The hypothesized role for the K segment of dehydrin is to form a hydrophobic interaction 
with DNA (Godoy et al., 1996), partially denatured proteins, and damaged membranes, thus 
acting as a chaperone to stabilize protein folding under dehydration (Close, 1996; Godoy et 
al., 1996). Although dehydrin proteins are hydrophilic proteins, Ceccardi et al. (1994) 
indicated that G50 (dehydrin protein) in maize was able to form a hydrophobic interaction in 
vitro. Dehydrin may also have a role similar to compatible solutes (such as proline, sucrose, 
and glycine betaine) in osmotic adjustment. Another possible role of dehydrins is to bind 
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with the accumulated ions (ion sequestering) under water stress and to control solute 
concentration in the cytoplasm (Dure, 1993c). Dehydrin may act as a cryoprotective role in 
macromolecular stabilization by binding water molecules on their hydrophilic surfaces which 
reverses or prevents further denaturation of cellular proteins (Carpenter and Crowe, 1988; 
Close 1996). Maturation proteins, which were induced in response to ABA or dehydration, 
might protect the plant under stress by stabilizing cell membranes (Dure et al., 1989). 
Dehvdrin Roles in Desiccation Tolerance 
Accumulation of dehydrins along with other LEA proteins during mid-seed 
development and mattiration, their conserved sequence, hydrophobicity, and their resistance 
to denaturation (Close et al., 1989), suggested that dehydrins as well as other LEA proteins 
might play a role in acquisition of desiccation tolerance in seeds (Dure et al., 1989; Dure, 
1993a). Transgenic rice plants that accumulated LEA proteins (HVAl) were more drought 
tolerant and recovered from stress at a faster rate, indicating that LEA proteins protect plants 
under desiccation conditions (Xu et al., 1996). Detection of dehydrin proteins in mature pea 
seeds suggested that the proteins might have a function in seed desiccation tolerance (Baker 
et al., 1995). Dehydrin proteins were detected in the embryo axis of pea seeds during a 24 
hour period immediately after imbibition and were absent at the beginning of seedling 
growth (Baker et al., 1995). Dehydrins were re-induced in the pea seedling and cotyledon by 
desiccation (Baker et al., 1995). 
Bradford and Chandler (1992) indicated that LEA proteins alone were not sufficient 
to acquire desiccation tolerance in seeds. Although recalcitrant tree species are desiccation 
intolerant, Finch-Savage et al. (1994) reported that dehydrin proteins were detected in their 
seeds. Dehydrin protein, TAS14, was expressed in non-desiccated cells (Godoy et al., 1996). 
In T. ruralis (a desiccation-tolerant poikilohydric species), dehydrin-like proteins were 
present in the hydrated gametophytes and did not increase in response to dehydration, 
suggesting that dehydrin-like proteins were constitutively expressed (expressed without 
induction) (Bewley et al., 1993). Both dehydration-tolerant paddy rice {Oryza sativa L.) and 
non-tolerant wild rice (Zizania palustris var interior [Fasset] Dore) accumulated dehydrins, 
ABA, and sucrose during seed development (Still et al., 1994). Although dehydrin-like 
proteins, ABA, and sucrose were present in Zizania mature seeds (Bradford and Chandler, 
1992; Still et al., 1994), its seed viabiUty was lost under unfavorable dehydration (Probert 
and Longley, 1989; Kovach and Bradford, 1992). These results indicated that the sensitivity 
of wild rice to dehydration was not due to the lack of dehydrin-like proteins, ABA, or sucrose 
(Still et al., 1994). However, the presence of dehydrin-like proteins in Zizania mature seeds 
might be necessary for desiccation tolerance even though their presence in the seeds did not 
help the seeds to acquire desiccation tolerance, and could be considered a minimum 
requirement for seed sxirviving under dehydration condition (Bradford and Chandler, 1992). 
Although heat shock proteins have been detected in Arabidopsis during mid-seed maturation 
and at high levels in dry seeds, their presence was not su£5cient for seed dormancy or 
desiccation tolerance (Wehmeyer et al., 1996). 
Functions of group n LEA proteins (dehydrin) in plants are still unknown (Xu et al., 
1996; Dure et al., 1989). To what extent dehydrin is involved in embryo desiccation 
tolerance and plant adaptation to water stress is not yet clear (Godoy et al., 1996). More 
research is needed to understand roles and functions of proteins in desiccation tolerance 
(Oliver and Bewley, 1997). 
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Protein-Sugar Interaction in Desiccation Tolerance 
Dehydration-induced proteins and sugars might interact in developing seed 
desiccation tolerance (Blackman et al., 1992). Acquisition of desiccation tolerance in 
soybean seeds was not achieved by accumulating LEA proteins alone but soluble sugars 
along with LEA proteins contributed to the tolerance (Blackman et al., 1991). Heat-soluble 
LEA proteins extracted from developing and mature wheat embryos were hydrophilic, 
associated with sugars, and had high water absorption characteristics at high relative 
humidity. These proteins might serve as a hydration buffer to maintain cells at critical water 
potential and to control drying during desiccation tolerance, but their existence did not 
prevent cell desiccation (Walters et al., 1997). In this study, Walter et al. (1997) concluded 
that the hydration characteristics of LEA-like proteins might not be due to the proteins 
themselves but to the sugar-protein association. Existence of such an interaction between 
proteins and sugars would have a large impact on the biochemical reactions and the genetic 
inheritance of plant tolerance to different environmental stresses (Close, 1996). 
In addition to proteins and sugars, other factors may be involved in plant-desiccation 
tolerance (Oliver and Bewley, 1997). Plants accumulate compatible solutes such as proline, 
glycine betaine, and sucrose in response to drought stress. Compatible solutes might play a 
role in stabilizing plant enzymes (Winzor et al., 1992). Desiccation tolerance is most likely 
not acquired by a single protection mechanism but is a flmction of several mechanisms 
interacting synergistically to protect cells against desiccation (Leprince et al., 1992; 
Blackman et al., 1991; Blackman et al., 1992; Bewley and Oliver, 1992). The relationship 
between sugars, proteins, and ABA metabolisms needs further investigation (Meurs et al., 
1992). 
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The Relationship between Dehvdrin and Seed Quality 
Differences in seed quality may be related to levels of dehydrin and heat shock 
proteins in mature seeds (Bettey and Finch-Savage, 1998). The 40-BCDa dehydrin was not 
correlated with cabbage seed performance while the 23-KDa dehydrin was negatively 
correlated (Bettey and Finch-Savage, 1998). Another stress protein (heat shock protein) with 
molecular size 17.5 (HSP17.5) was positively correlated with cabbage seed performance 
(Bettey and Finch-Savage, 1998). Wechsberg et al. (1994) indicated that dehydrin-like 
proteins were not related with seed longevity of Ranunculus sceleratus L. Seed quality and 
vigor is not related with only one factor and may not correlate with the same factor under all 
conditions (Hampton and Coolbear, 1990; Bettey and Finch-Savage, 1998). The reduction in 
seed quality and vigor could be due to several physiological, biochemical and metabolic 
changes in the mature seeds such as the change in several stress proteins, lipid peroxidation, 
DNA degradation, instability of the membrane, and degradation of soluble sugars. 
Seed Storability 
Accelerated Aging Test Predicts Seed Storabilit>' 
Several soybean seed lots with similar standard germination have performed 
differently under storage conditions (Baskin and Vieira, 1980), which indicated that standard 
germination test did not predict seed vigor and storability. The germination after accelerated 
aging test (AA) of soybean seeds from different lots was correlated with their germination 
after various periods of open storage, which indicated that AA test could be used to predict 
the storability of soybean seeds (Baskin and Vieira, 1980). 
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The Relationship of Small Seeds with Seed Deterioration and Storability 
Seed size might have a relationship with seed quality during seed maturation in the 
field and during storage. Soybean seeds with impermeable coats were less vulnerable to field 
weathering and deterioration (Dassou and Kueneman, 1984). Soybean cultivars with smaller 
seed size tended to have better seed quality under conditions of weathering and deterioration 
(Dassou and Kueneman, 1984). The better seed storability of soybean cultivars (Kalitur and 
T-49), as estimated by germination after accelerated aging test, was associated with the 
smaller seed size (Singh and Ram, 1986). 
Sugars and Seed Quality 
Sugars and Seed Desiccation Tolerance 
Sugars might be involved in seed desiccation tolerance in several plant species 
(Koster and Leopold, 1988). Inmiature soybean seeds subjected to slow drying increased 
stachyose accumulation, while the seeds maintained at high relative humidity did not 
(Blackman et al., 1992). Koster and Leopold (1988) reported that the loss of desiccation 
tolerance in three species was correlated with the decrease in oligosaccharide and the 
increase in monosaccharide sugars. Accumulation of sucrose, oligosaccharides (raffinose 
and predominantly stachyose), galatosyl cyclitols, and small amoimt of free cyclitols was 
accompanied with acquisition of desiccation tolerance and germination of lupin seeds diuing 
maturation (Goreck et al., 1997a; Goreck et al., 1997b). In plant species that had a low level 
of the raffinose family of oligosaccharides, galactosyl cyclitols might replace raffinose sugars 
in acquisition of seed desiccation tolerance (Goreck et al., 1997b). Accumulation of 
oligosacchrides during seed maturation of yellow lupin was associated with seed desiccation 
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tolerance and germination (Goreck et al., 1997a). The increase in sucrose was associated 
with desiccation tolerance (Sun et al., 1994). 
In contrast, the total sugars was not a good indicator for classifying seeds as orthodox 
(desiccation tolerant) or recalcitrant (desiccation intolerant) (Steadman et al., 1996). The 
ratio of sucrose to oligosacharides was related more with seed classification in regard to their 
desiccation tolerance. In general, orthodox seeds had a lower ratio of sucrose to 
oligosacharides (Steadman et al., 1996). Horbowics and Obendorf (1994) reported that 
sucrose alone was not sufficient in acquisition of desiccation tolerance while the ratio of 
sucrose to oligosacharides was more important. The low ratio of sucrose to oligosaccharides 
was associated with seed desiccation tolerance (Brenac et al., 1997). 
Loss of desiccation tolerance after seed germination coincided with the loss of the 
raffinose family of oligosaccharides and galactosyl cyctilol accumulation; drying did not 
induce their accumulation in the seedlings (Goreck et al., 1997b). The loss of soluble sugars 
was associated with the onset of germination (Abrahamsen and Sudia, 1966). Based on in 
vitro study of soybean embryo, Obendorf et al. (1998a) reported that the reduction in 
accumulation of stachyose in soybean axes during slow drying was associated with the loss 
of seedling growth. Other sugars, such as galactosyl pinitols and fagopyritol Bl, were also 
reduced in the cultured soybean embryo (Obendorf et al., 1998a). Maintaining high seedling 
growth was not achieved by a low sucrose to oligosacharides (raffinose and stachyose) ratio 
(Obendorf et al., 1998a). 
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Roles of Sugars in Seed Storability 
In addition to seed desiccation tolerance, sucrose, raffinose, stachyose, and galactosyl 
cyclitols in seeds might play an important role during seed storage (Obendorf, 1997; 
Horbowics and Obendorf, 1994; Steadman et al., 1996). Accumulation of sucrose and 
raffinose in maturing wheat embryo (Black et al., 1996), sucrose, stachyose, raffinose, and 
several other galactopinitol cyclitols in developing soybean seeds in planta and in vitro 
(Obendorf et al., 1998b) coincided with the onset of desiccation tolerance and were 
associated %vith seed storability (Lin and Huang, 1994). A decrease in oligosaccharide 
sugars, especially raffinose and stachyose, was detected after accelerated aging of soybean 
seeds, but total soluble sugars was not changed (Yaklich, 1985). Loss of viability after the 
accelerated aging test might be due to the decline in soluble sugars (Milner and Geddes, 
1946; Yaklich, 1985). Seeds with more raffinose oligosaccharides had longer storability 
(Horbowics and Obendorf, 1994). Loss of com seed germination during storage coincided 
with loss of raffinose and sucrose (Ovcharov and Koshelev, 1974). Rao and Wagle (1983) 
reported that the activity of isocitrate lyase and malate synthase, the enzymes involved in 
conversion fatty acids into sucrose, decreased in soybean seeds exposed to accelerated aging 
conditions. A decline in respiration rate of soybean seeds after an accelerated aging test was 
observed prior to the reduction in seed vigor (Ferguson et al., 1990). This reduction in 
respiration rate was correlated with the increase in axis leachate. 
Although buckwheat seeds did not accumulate raffinose, stachyose or galactopinitols, 
the seeds were able to produce vigorous seedlings after long storage (Horbowicz et al., 
1998). The high vigor and better storability of buckwheat seeds matured at 18°C compared 
to the seeds matured at 25°C were associated with the accumulation of fagopyritol B1 [O-a-
D-galactopyranosyl-(l-2)-D-chiro-inositol] and the lower ratio of sucrose to fagopyritol B1 
(Horbowicz et al., 1998). These results indicated that the fagopyritol B1 might be involved 
in acquisition of desiccation tolerance (Horbowiez et al., 1998). 
Proposed Functions of Sugar 
When water molecules binding to the phospholipid head groups are removed during 
desiccation, an interaction among the head groups of phospholipids is formed via van de 
Waal forces (reviewed by Crowe et al., 1992). As a result of such an interaction, the 
membranes are transferred from the liquid crystalline phase (hydrated phase) to gel phase 
(dehydrated phase) (Crowe et al., 1992). Upon rehydration, the membrane transition from 
gel to liquid phase could lead to leakage (Cameron and Dluhy, 1987), and in severe cases, 
disruption in membrane organization (Tetteroo et al., 1996), imbibitional injury (Crowe et 
al., 1989), and reduction in viability (Tetteroo et al., 1996). Desiccation tolerance 
mechanisms have been reported to be involved in protecting the seeds from the 
disorganization of membrane. Disaccharides, such as sucrose, have been reported to play a 
role in seed desiccation tolerance. Sucrose has replaced water molecules on the phospolipid 
head groups during drying (Crowe et al., 1987), suggesting that sucrose might play a role in 
stabilizing the membrane structure during desiccation (Crowe et al., 1984; Santarius, 1973; 
Crowe and Crowe, 1992). Another mechanism by which sucrose protected the membrane 
was by reducing the gel to liquid crystalline transition temperature (Tm) of the membrane 
lipid upon rehydration (Oliver et al., 1998). Depression of Tm enabled the membrane to 
transfer from the gel to liquid phase at lower temperature (higher ability to rehydrate without 
damage at lower temperature). Oligosaccharides, such as raf&nose and stachyose, might 
serve to protect sucrose from crystallization by forming a glass state (\itrification) (Koster 
and Leopold, 1988; Leopold and Vertucci, 1986, Koster, 1991). Oliver et al. (1998) reported 
that the formation of a glass state was required to inhibit the fusion of membrane vesicles in 
the dry state. The formation of a glassy state during desiccation, which might prevent the 
cellular collapse and promote the quiescence state (Koster, 1991), was associated with the 
viability of maize embryos (Williams and Leopold, 1989). Storage temperature, higher than 
the temperature required to transit sugars from a vitrified state to a devitrified state 
(devertifying temperature), caused a membrane fusion leading to damage in dry membranes 
(Sun et al., 1996; Oliver et al., 1998). Another mechanism to avoid damage upon rehydration 
is to increase the unsaturated fatty acids in the membrane phospholipids (Oliver et al., 1998). 
The ability of pollen to reduce Tm and tolerate desiccation was achieved by accumulating 
sucrose to protect the membrane phospholipid or alternatively by increasing unsattirated fatty 
acids of the phospholipid (Hoekstra et al., 1992). The gel to liquid transition temperature of 
the membrane (Tm) was determined by sucrose, phospolipid molecules, and their interaction 
in the membrane (Oliver et al., 1998). Smirnoff and Cumbes (1989) reported that sucrose 
might serve as free radical scavenger based on an in vitro study. Moreover, Carpenter et al. 
(1987) indicated that disaccharides, such as sucrose, stabilized phosphofructokinase enzyme 
during drying, based on an in vitro study. 
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CHAPTER 2. SOYBEAN YIELD AND YIELD COMPONENTS IN RESPONSE TO 
DROUGHT STRESS IMPOSED PRIOR TO SEVERE STRESS 
A paper to be submitted to Crop Science 
N. Samarah and R. Mullen 
Abstract 
Little information is available on whether moderate drought stress imposed prior to 
severe stress may condition plants to maintain metabolic processes and sustain more yields 
under more severe stress. Our objectives were to study the effect of drought preconditioning, 
by exposing the plants to a gradual reduction in soil moisture or pre-episodes of drought 
stress imposed prior to severe stress on the physiological responses of soybean plants. Two 
greenhouse experiments were conducted, one in summer and one in winter. Plants were 
watered to field capacity until the beginning of linear seed fill (R5). In summer, five 
treatments were imposed at R5: (1) well-watered (WW), (2) sudden, severe stress (SS), (3) 
one-day stress (ODS) imposed prior to severe stress, (4) two, separate one-day stresses 
periods (TDS) imposed prior to severe stress, and (5) gradual stress (GS) imposed prior to 
severe stress. Three treatments were imposed in winter (WW, SS, and GS). Soybean 
response to drought stress was measured in terms of leaf photosynthesis, stomatal 
conductance, respiration rate, leaf number, yield and yield components. Drought stress 
treatments lowered photosynthetic rate, stomatal conductance, and transpiration rate 
compared with the WW treatment. Photosynthetic rate, stomatal conductance, and 
transpiration rate were not significantly different between plants fi-om drought pre­
conditioning treatments (ODS, TDS in summer and GS treatment in summer and winter) and 
the SS treatment after all plants were exposed to severe drought stress. In both experiments. 
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plants under drought stress lost more leaves. In the summer experiment, with higher average 
air temperature than the winter experiment, SS plants had more dead leaves on day 10 after 
stress treatments began than GS and TDS plants, but SS did not differ from ODS. Similar 
trend of results was observed in the number of hve leaves on day 21 after stress treatments 
began. In the winter experiment, the GS and SS plants did not differ in the number of live 
leaves on day 21 after stress treatments began. In general, yield and yield components 
declined in drought-stressed plants compared with well-watered plants. Pre-episodes of 
drought stress treatments (ODS and TDS) in the summer experiment and GS treatment in 
summer and winter experiments did not protect the plants from losses in yield and most yield 
components over that observed in SS treatment. Plants from GS treatment had more normal 
pods and less shriveled pods than the plants from SS treatment in the summer experiment. In 
conclusion, exposing soybean plants to severe water stress decreased leaf photosynthesis, 
stomatal conductance, transpiration, yield, and jdeld components regardless of drought pre­
conditioning prior to severe stress. Under high temperature, drought pre-conditioning may 
help plants to maintain more live leaves than suddenly stressed plants, but may not improve 
their yield performance. 
Introduction 
Many physiological processes, such as stomatal opening and photosynthesis, 
associated with leaf turgor pressure (Wenkert et al., 1978). Drought stress treatments 
imposed at R5 growth stage of soybean plants increased stomatal resistance, decreased leaf 
conductance, and decreased transpiration rate (Vieira et. al., 1991; Vieira et. al., 1992). 
Dombos and Mullen (1989) reported that drought stress imposed on soybean plants at R5 
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increased stomatal resistance, decreased respiration rate and apparent photosynthesis by 68%, 
44%, and 71%, respectively. Stomatal closure under drought decreased internal COz 
concentration (McCree and Fernandez, 1989). Cortes and Sinclair (1986a) reported that 
drought stress during reproductive growth decreased carbon exchange rate by 25 % for the 
remainder of the season, and decreased total accumulated carbon. When drought stress 
occurred during late reproductive growth (after mid-pod fill), leaf senescence was hastened 
by 5-10 days. The authors concluded that drought stress after mid-pod fill shortened the 
period in which plants can photosynthesize. Drought stress shortened seed fill rather than the 
seed fill rate (Meckel et al., 1984). Shortening the seed fill duration for plants grown under 
drought stress was related to the reduction in seed yield (Sionit and Kramer, 1977; Smiciklas 
et al., 1989; Dorabos and Mullen, 1989; Smiciklas et al., 1992). Duration of seed fill was 
reduced more by longer periods of drought (Ouattar et al., 1987). Other researchers indicated 
that there was a strong positive correlation between photosynthesis and seed yield under 
drought stress (Dombos and Mullen, 1989; Ashley and Boerma, 1989; Idso et al., 1977). 
Drought stress imposed on soybean plants during seed fill (R5 growth stage) 
decreased seed yield by 38% and 58% in two greenhouse studies (Dombos and Mullen, 
1989). Smiciklas et al. (1992) reported a 38% reduction in soybean seed yield when plants 
were stressed at R5. Vieira (1991) found a 41% reduction in soybean yield for plants stressed 
at R5. The reduction in seed number per plant contributed to the reduction in seed number 
under drought conditions more than the reduction in seed weight (Dombos and Mullen, 
1989). Drought stress reduced soybean pod number by 22 and 50%, seed number by 28 and 
51%, and seed weight by 13 and 14% in two year-experiments (Dombos and Mullen, 1989). 
Plant conditioning to drought stress has been reported. Osmotic adjustment is a 
physiological mechanism that helps plants to maintain turgidity under water stress. In 
osmoticaJly adjusted plants, solute accumulation in cells can maintain cell turgidity at lower 
water potential (Taiz and Zeiger, 1998). Osmotic adjustment was observed in grass species 
(Bittman and Simpson, 1989) and soybean plants grown under water stress (Cortes and 
Sinclair, 1986b). Maintenance of the leaf turgidity and the yield-related processes was 
observed by Ali et al. (1999) in osmotically adjusted wheat {Triticum aestivum L. cv. 
Cadensa) plants grown in the field under mild or severe water stress. 
Stomatal closure can be another effective mechanism to adjust plants to drought stress 
(Wenkert et al., 1978). Under gradually accumulating soil water deficits, carrot {Daucus 
carota L. var. sayiva DC.) plants were more able to sustain some photosynthate supply by 
maintaining partially opened stoma and higher stomatal conductance compared with plants 
growing in rapidly developing soil water deficits (Hutmacher et al., 1990). Mild water stress 
reduced leaf conductance and hastened flowering of wheat plants grown in the field (Ali et 
al., 1999). As water stress intensified, cotton (Gossypium hirsutum L.) plants had lower leaf 
net assimilation rates of CO2 (Faver et al., 1996). Wenkert et al. (1978) reported that 
soybean drought tolerance might be related to the degree of stomatal closure under drought 
stress. Moderate drought stress might condition plants to maintain turgidity, metabolic 
processes (such as photosynthesis), and sustain more yields imder more severe stress (Ali et 
al., 1999).Little information is available, however, on soybean response to drought pre­
conditioning, by exposing plants to a gradual reduction in soil moisture or pre-episodes of 
drought stress prior to severe stress, compared with plants suddenly stressed. Our objectives 
were to study whether soybean plants exposed to a gradual reduction in soil moisture or pre-
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episodes of drought stress will perform better in leaf photosynthetic rate, stomatal 
conductance, transpiration rate, leaf nimiber, yield, and yield components than suddenly 
stressed plants. 
Materials and Methods 
Two greenhouse experiments were conducted at Iowa State University, Ames, Iowa. 
One experiment was conducted from March 10, 1998 until September 10, 1998 (summer 
experiment). The second experiment was conducted from October 10, 1999 until April 1, 
1999 (winter experiment). The soil mixture used in the summer experiment was soil: peat: 
perlite in a volume ratio of 1:2:2. Equal weight of air-dry soil mixture was used in each pot. 
In the winter experiment, the soil mixture was soil: silica sand: peat: perlite in a volume ratio 
of 2:2:1:1. In both experiments, ten pots were randomly taken from the total pots prepared 
for the experiments and saturated overnight in a water bath. The pots were weighed at 
saturation the next day, covered with plastic sheets and left to drain. Pot weights were 
recorded when they stopped draining. The weight of soil moisture at field capacity was 
calculated as the difference between soil weight when pots stopped draining and air-dry soil 
weight. 
In the summer experiment, twenty pots of soil mixture were used for the experiment. 
Four soybean {Glycine max L.) seeds of the semideterminate cultivar "Harosoy" were 
planted in each pot. Seedlings were thinned to one seedling per pot after two weeks. In the 
winter experiment, sixty pots of soil mixture were used for the experiment. Ten seeds of the 
soybean cultivar "Harosoy" were planted in each pot. Seedlings were thiimed to two 
seedlings per pot after two weeks. Plants were de-branched and seed yield components of 
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the main stem were measured. In both experiments, all plants were watered to field capacity 
until the beginning of linear seed fill (R5 stage of growth) (Fehr and Caviness, 1977). In the 
summer experiment, five treatments were imposed on the plants at R5 (Figure 2.1). These 
treatments were: 1) well-watered (WW) (control), 2) sudden, severe stress imposed for 13 
days (SS) (suddenly stressed without drought pre-conditioning), 3) one, one-day stress 
(ODS) (drought pre-conditioned by exposing the plants to one-day severe stress) imposed 
prior to a 12-day severe water stress, 4) two, one-day stresses (TDS) (drought pre­
conditioned by exposing plants to two separate days of severe stress) imposed prior to a 11-
days severe water stress, and 5) gradual-stress (GS) (drought preconditioned by exposing 
plants to a gradual reduction in soil moisture for 7 days) imposed prior to a 10-day severe 
water stress. Drought treatments were imposed by weighing pots twice daily and 
maintaining them at the desired soil moisture content. Treatment periods were divided into 
two phases: drought pre-conditioning phase (7 days) and severe stress phase (10-13 days) 
(Figure 2.1 and Table 2.1). For the well-watered treatment (WW), plants were maintained at 
80% field capacity (FC) after R5. For the sudden severe stress (SS) treatment, plants were 
maintained at 80% FC for 7 days fi-om R5; then, soil moisture content was allowed to drop 
suddenly in one day to 20% FC and maintained for 13 days. For the one-day stress (ODS) 
treatment, plants were maintained at 80% FC for 7 days after R5, except for day 3, when 
plants were exposed to water stress (20% FC). At day 8 after R5, soil moistvire content was 
allowed to drop to 20% FC and maintained for 12 days. For the two-day stress (TDS) 
treatment, plants were maintained at 80% FC for 7 days after R5, except for days 3 and 6, 
when plants were exposed to water stress (20% FC). At day 8 after R5, soil moisture content 
was allowed to drop to 20% FC and maintained for 11 days. For the gradual stress (GS) 
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treatment, soil moisture was dropped gradually and incrementally in 7 days after R5 from 
80% to 20% FC and then maintained at 20% FC for 10 days. The difference in the severe 
stress phase among drought stress treatments was designed to equalize the total water 
consumption of plants from different treatments during the first seven days after R5 and was 
based on water consimiption patterns of treatment plants. After the severe stress period, the 
plants in the SS and GS treatments were re-watered to 80% FC until Rg. In the winter 
experiment, three treatments were imposed at R5. These treatments were WW, SS, and GS 
(Figure 2.1 and Table 2.1). The treatments were imposed in a similar way as the summer 
experiment except that the severe stress phase in the winter experiment was extended 3 days 
in both SS and GS treatments (Table 2.1). 
Average mid-day air temperature, light intensity, and air relative humidity at the top 
of the canopy during the seed filling stage was 33°C, 1050 ^mol of photon/m^/s, and 41% in 
the summer experiment, and 27°C, 998 ^moI of photon/mVs, and 39% in the winter 
experiment, respectively. 
In both experiments, leaf apparent photosynthetic rate (A), stomatal conductance (gs), 
and transpiration rate (E) were measured at mid-day for the third trifoliate leaf from the top 
of the canopy using a LiCor 6200 Photosynthesis System (LI-COR, Inc., Lincoln, NE). 
Measurements were taken on day -7, 4, 7, 11, and 26 after R5 in the summer experiment 
(Table 2.2). In the winter experiment, measurements were taken on day 0, 6, 10, and 26 after 
R5 (Table 2.2). The nimiber of dead leaves (dry or yellow leaves) was recorded on day 11 in 
the summer experiment, while the number of dead and live leaves (light and dark green 
leaves) was recorded on day 21 after R5 (Table 2.2). In the winter experiment, the number of 
live leaves was recorded on day 21 after R5. Seed fill duration was defined as the period from 
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the beginning of linear seed fill (R5) (pods with seeds 2 mm at the top part of main stem) to 
the first brown pod on the main stem (R?) (Nelson, 1986) and was measured only in the 
winter experiment. 
In both experiments, plants were harvested at Rg stage of growth (mature seeds). 
Pods were classified into normal pods (pods with at least one seed and not ciu-led), shriveled 
pods (pods with no seeds and curled), and imdeveloped pods (pods with length less than 2 cm 
and had no seeds). Numbers of the normal, shriveled, and undeveloped pods were recorded. 
Pods were hand threshed and number of seeds was recorded. Weights of seed yield and 100-
seeds were also measured. Seed moisture content was approximately 90-100 g kg"' on wet 
weight basis. 
In both experiments, the experimental design was a randomized complete block 
design with four replications. Twenty plants (one plant per pot x 5 treatments x 4 
replications) were used in the sxmimer experiment. One hundred and twenty plants (2 plants 
per pot x 5 pots per experimental unit x 3 treatments x 4 replications) were used in the winter 
experiment. 
Results and Discussion 
Leaf Measurements 
In the summer experiment, leaf apparent photosynthetic rate, stomatal conductance, 
and transpiration rate were measured on day 7 before and day 4, 7, II, and 26 after plants 
were exposed to the WW, SS, ODS, TDS, and GS treatments at R5 (Table 2.3). Plants did 
not differ in photosynthetic rate, stomatal conductance, and transpiration rate on day -7 
(before drought stress began). At day 4 (during drought pre-conditioning phase), plants fi-om 
the ODS, TDS, and GS treatments had lower leaf photosynthetic rates, stomatal conductance. 
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and transpiration rates than did plants from the WW treatment. The reduction in 
photosynthetic rate, stomatal conductance, and transpiration rate for the re-watered plants 
from the ODS and TDS treatments on day 4 indicated that the plants from the ODS and TDS 
on day 4 did not recover from the drought stress imposed on day 3. At day 7 (during drought 
pre-conditioning phase), plants from the ODS did not differ in photosynthetic rate, stomatal 
conductance, and transpiration rate from plants in the WW treatment, which indicated that 
the plants from ODS recovered from the drought stress imposed on day 3. At day 7, plants 
from the GS freatment had lower photosynthetic rates, stomatal conductance, and 
transpiration rates than plants from the WW treatment. Plants from the TDS had lower 
photosynthetic rates than plants from the WW, ODS, and SS treatments, but the stomatal 
conductance and transpiration rates for plants from the TDS treatment did not differ from 
plants in the WW treatment. The reduction in photosynthetic rates for the re-watered plants 
from the TDS treatment on day 7 indicated that the plants from the TDS treatment did not 
recover the drought imposed on day 6. At day 11 (during the severe stress phase), plants 
from the SS, ODS, TDS, and GS treatments had lower photosynthetic rates, stomatal 
conductance, and transpiration rates than plants from the WW treatment. At day 26 (after re-
watering), plants from all treatments did not differ in leaf photosynthetic rate, stomatal 
conductance, and transpiration rate. 
Photosynthetic rates for the plants from the WW treatment in the winter experiment 
were similar to the rate measured in the summer experiment (Table 2.3 and Table 2.4). The 
stomatal conductance and transpiration rates, however, were lower for the plants grown in 
the winter experiment than for the plants grown in the summer experiment. This reduction in 
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stomatal conductance and transpiration rates between the two experiments might be due to 
the difference in evapotranspirational demand between the two seasons. 
In the winter experiment, the trend in photosynthetic rate, stomatal conductance, and 
transpiration rate on days 0, 6, 10, and day 26 after R5 for plants from the WW, SS, and GS 
treatments was similar to the trend observed in the simimer experiment (Table 2.3 and Table 
2.4). Plants from different treatments did not differ in leaf measurements on day 0 (before 
the stress was imposed) (Table 2.4). At day 6 after R5 (during the gradual reduction in soil 
moisture), plants from the GS treatment had lower photosynthetic rates, stomatal 
conductance, and transpiration rates than plants from the WW and SS treatments. At day 10 
after R5 (during the severe stress phase), plants from the SS and GS treatments had lower 
photosynthetic rates, stomatal conductance, and transpiration rates than plants from the WW 
treatment. At day 26 (after re-watering), plants from the WW treatment had higher 
photosynthetic rates, stomatal conductance, and transpiration rates than plants from the SS 
treatment, but the plants from the WW treatment did not differ in photosynthetic and 
transpiration rates from plants in the GS treatment. Plants from the GS treatment had a 
higher photosynthetic rate than plants from the SS treatment, but plants from the GS and SS 
treatments were not significantly different in stomatal conductance and transpiration rate on 
day 26. 
Leaf measurements (day 4 and 7 in summer and day 6 in winter) during drought pre­
conditioning phase indicated that the plants did suffer from ODS and TDS in the summer 
experiment and GS treatment in the summer and winter experiments as anticipated. In 
summer, plants from the ODS and TDS treatments did not recover photosynthetic rate after 
one day of re-watering from the drought stress imposed on day 3 in the ODS treatment and 
70 
day 3 and 6 in the TDS treatment. Plants from the ODS treatment recovered at day 7 (after 4 
days of re-watering from the drought stress imposed on day 3). Similarly, Zinselmeier et al. 
(1995) reported that maize plants required 3-4 days of re-watering to recover in 
photosynthetic rate to the level of the well-watered plants after a severe drought stress was 
imposed at anthesis. Moreover, leaf measurements during the drought pre-conditioning 
phase for plants from the GS treatment in our experiments showed that as drought stress 
intensity increased, leaf photosynthetic rate, stomatal conductance and transpiration rate 
decreased. These results are in agreement with the findings of Dombos and Mullen (1989) 
who concluded that as the stress intensity increased during seed fill stage, leaf 
photosynthesis, stomatal conductance, and transpiration decreased. 
Leaf measurements (day 11 and 10 in the summer and winter experiments, 
respectively) during the severe stress phase indicated that exposing soybean plants to a 
severe drought stress period in the SS, ODS, TDS, and GS treatments reduced photosynthetic 
rate, stomatal conductance, and transpiration rate regardless of drought pre-conditiotiing prior 
to severe stress. Other researchers showed that a severe drought stress at R5 reduced 
photos>'nthetic rate, stomatal conductance, and transpiration rate (Vieira, 1991; Vieira et al., 
1992; Dombos and Mullen, 1989). The reduction in photosynthetic rate, stomatal 
conductance, and transpiration rate during the severe stress phase in our experiment, 
however, is inconsistent with the findings of Ali et al. (1999), who stated that that exposing 
wheat plants to moderate drought stress might help the plants to adjust osmotically so that 
they might maintain their turgidity and metabolic processes (such as photosynthesis) under 
more severe stress. 
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Leaf measurements (day 26) after re-watering the drought-stressed plants in both 
experiments showed that plants recovered from the drought stress treatments in the simimer 
experiment, but not in the winter experiment, which could be related to the recovery rate or 
period. In the summer experiment, plants from the SS, ODS, TDS, and GS treatments did 
not significantly differ in photosynthetic rate, stomatal conductance, and transpiration rate on 
day 26 (after re-watering) from plants in the WW treatment. When photosynthetic rates, 
stomatal conductance, and transpiration rates were measured on day 26, plants from the SS, 
ODS, TDS, and GS treatments were re-watered for 6, 7, 8, and 9 days, respectively. In the 
winter experiment, plants from the SS treatment did not recover in photosynthetic rate, 
stomatal conductance, and transpiration rate from drought stress compared with plants from 
the WW treatment. Plants from the GS treatments had higher photosynthetic rates than 
plants from the SS treatment, which might be due to the faster recovery for the gradually 
stressed compared with the suddenly stressed plants after re-watering on day 26. Plants from 
the GS treatment were re-watered on day 21 while plants from the SS treatment were re-
watered on day 24 (three days later to compensate for the difference between the two 
treatments in drought stress during drought pre-conditioning phase). When leaf 
measurements were taken on day 26, plants from the GS and SS treatments were re-watered 
for 6 and 3 days, respectively. Thus, our results could not answer whether the higher 
photosynthetic rate for the plants from GS treatment compared with plants in SS treatment in 
the winter experiment was due to the recovery rate or period. 
Leaf Number 
The number of dead and live leaves on day 10 and 21 after R5 in the summer 
experiment (Table 2.5) and day 21 on the winter experiment (Table 2.6) were recorded for 
the drought stress treatments to study whether drought pre-conditioning helps plants to 
maintain more live leaves. At day 10 (during the first two days of the severe stress phase) in 
the summer experiment, total number of dead leaves for plants from the WW, SS, ODS, 
TDS, and GS treatments were 8, 72, 60, 51, and 56, respectively. These results indicated that 
drought stress treatments increased number of dead leaves compared with the WW treatment. 
Plants from the SS treatment (suddenly stressed without drought pre-conditioning) had a 
significantly higher nimiber of dead leaves than plants from the GS and TDS treatments (with 
drought pre-conditioning), but plants from the SS treatment did not differ in number of dead 
leaves from plants in the ODS treatment. Number of dead leaves was not significantly 
different among plants from the ODS, TDS and GS treatments. Similar trends of results 
were observed in nvunber of dead and live leaves on day 21 (during late severe stress phase). 
In the winter experiment, plants from the SS and GS treatments on day 21 had fewer live 
leaves than plants from the WW treatment (Table 2.6). This reduction in number of live 
leaves on plants from the drought stress treatments (SS and GS) compared with plants from 
the WW treatment was similar to the results observed in the summer experiment. Number of 
live leaves, however, was not significantly different among plants from the SS and GS 
treatments in the winter experiment. The decrease in the number of live leaves in drought-
stressed plants compared with the well-watered plants in both experiments was consistent 
with the findings of Cortes and Sinclair (1986a), who found that drought stress during 
reproductive growth increased leaf senescence. In conclusion, more live leaves were 
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maintained on GS and TDS plants (with drought pre-conditioning) compared with SS plants 
in the summer experiment, but live leaf number was not different between GS and SS plants 
in the winter experiment, indicating that drought pre-conditioning (TDS and GS) might help 
plants to survive severe drought stress at higher temperatures as in the summer experiment. 
Seed Fill Duration 
In the summer experiment, seed fill duration was not recorded. In the winter 
experiment, SS and GS treatments reduced seed fill duration by 4 days compared with the 
WW treatment (Table 2.7). Seed fill duration was correlated with seed yield (Smiciklas et 
al., 1989; Westgate, 1994). However, plants from the SS and GS treatments in our 
experiment did not differ in seed fill duration. 
Yield and Yield Components 
Drought stress treatments significantly reduced soybean seed yield compared with the 
WW treatment in both experiments (Table 2.8). In the summer experiment, SS, ODS, TDS, 
and GS treatments reduced seed yield by 59.4%, 40.4%, 46.5%, and 34.6% compared with 
the WW treatment, respectively. In the winter experiment, SS and GS treatments reduced 
seed yield by 46.8% and 42.8% compared with the WW treatment, respectively. These 
results were in consistent with other researchers, who reported that drought stress at R5 
growth stage reduced soybean seed yield (Dombos and Mullen, 1989; Smiciklas et al., 1992; 
Vieira et al., 1991). In our study, however, the seed yield was not significantly different (at 
P=0.05) among plants from the SS, ODS, TDS, and GS treatments, indicating that gradual 
stress and pre-episodes of drought stress did not significantly moderate yield loss associated 
with sudden severe stress. 
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Drought stress reduced yield components in both experiments (Table 2.8). In the 
summer experiment, SS, ODS, TDS treatments reduced the number of normal pods by 
42.8%, 19.9%, 28.9% compared with the WW treatment, respectively. Plants from the GS 
treatment did not significantly differ in normal pods from plants in the WW treatment. Plants 
from the SS treatment had fewer normal pods than plants from the ODS and GS, but plants 
from the SS treatment did not differ in number of normal pods from plants in the TDS 
treatment. 
Number of shriveled pods on plants from the SS and ODS treatments was higher than 
number of shriveled pods on plants from the WW treatment. Plants from the SS treatment 
had more shriveled pods than plants from the GS, but the plants from the SS did not differ in 
number of shriveled pods from the plants in the ODS and TDS treatments. The SS and TDS 
treatments increased number of vmdeveloped pods compared with the WW treatment. 
Number of undeveloped pods was not significantly different among plants from the SS, 
ODS, TDS, and GS treatments. Plants from the SS and TDS treatments had lower seed 
number by 42.4% and 34.6% compared with plants from the WW treatment, respectively. 
Plants from the GS and ODS did not differ in seed number from plants in the WW treatment. 
Drought stress treatments did not significantly affect the 100-seed weight. 
In the winter experiment, SS and GS reduced pod number by 27.4% and 29.0%, seed 
number by 24.2% and 26.6%, and 100-seed weight by 29.8% and 22.1% compared with the 
WW treatment, respectively (Table 2.8). Drought stress treatments (SS and GS) significantly 
increased number of shriveled and imdeveloped pods compared with the WW treatment. 
Number of normal, shriveled, and undeveloped pods, and number of seeds were not 
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significantly different among plants from the SS and GS (sudden versus gradual stress 
treatment, respectively). 
In general, drought stress treatments reduced yield and yield components. The 
reduction in yield under drought was mainly due to the reduction in the number of pods and 
seeds at a higher rate ±an the reduction in seed weight. The ODS and TDS treatments in the 
summer experiment and GS treatment in the summer and winter experiments (with drought 
pre-conditioning treatments) did not prevent plants from losses in seed yield and most yield 
components over that observed in the SS treatment (suddenly stressed without drought pre­
conditioning). 
Summary and Conclusions 
In both experiments, drought stress treatments decreased leaf photosynthetic rates, 
stomatal conductance, transpiration rates, leaf number per plant, yield, and yield components 
compared with the WW treatment. The pre-episode of drought stress treatments (ODS and 
TDS treatments in the summer experiment and GS treatment in the summer and winter 
experiments) did not prevent plants from the reduction in leaf photosynthetic rates, stomatal 
conductance, transpiration rates, yield, and most yield components over that observed in SS 
plants (suddenly stressed without drought pre-conditioning). Plants experiencing drought 
conditioning (GS and TDS treatments) had better leaf survival than SS plants in the summer 
experiment; however, in the winter experiment, GS plants did not differ from SS plants in 
leaf number. Drought pre-conditioning treatments (GS and TDS) may help leaves to survive 
at higher temperature (as in the summer experiment), but not to improve their performance 
under the severe stress in terms of leaf photosynthesis, stomatal conductance, and 
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transpiration rate. Although many studies have reported poor plant performance and loss of 
yield and yield components due to drought stress, we hypothesized that rapidly occurring 
drought stress would injure plants more than the same amount of stress occurring gradually 
over a period of several days. In our study, sudden stress obviously hindered plant 
performance and yield, but similar effects also occurred in gradually stressed plants. Based 
on our controlled study, the occurrence of severe stress alone was enough to injure plant 
performance. Short pre-episodes of drought stress (one-day or two, one-day stresses) and 
gradual reductions in soil moisture did not increase plant tolerance to severe stress. For 
maximum plant performance and yield of soybeans, the occurrence of severe drought stress 
must be avoided. 
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Figure 2.1: Five-drought stress treatments imposed on soybean plants at beginning seed fill 
(R5) in the summer experiment. WW: plants were maintained at 80% field capacity after R5. 
SS: plants were maintained at 80% FC for 7 days from R5; then, soil moisture content was 
allowed to drop suddenly in one day to 20% FC and maintained for 13 days. ODS: plants 
were maintained at 80% FC for 7 days after R5, except for day 3, when plants were exposed 
to water stress (20% FC). At day 8 after R5, the soil moisture content in ODS was allowed to 
drop to 20% FC and maintained for 12 days. TDS: plants were maintained at 80% FC for 7 
days after R5, except for day 3 and 6, when the plants were exposed to water stress (20% 
FC). At day 8 after R5, the soil moisture content in TDS treatment was allowed to drop to 
20% FC and maintained for 11 days. GS: the soil moisture content was dropped gradually in 
7 days after R5 from 80% to 20% FC; then, maintained at 20% FC for 10 days. 
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Table 2.1: Time and duration of drought stress treatments imposed on soybean plants at 
beginning seed fill (R5) in the summer and winter experiments. 
Experiment Trts * Time When Plants Stressed 
Drought Pre- Severe Stress 
Conditioning Phase Phase 
Days after Stress Treatments Imposed at R51 
Summer WW None None 
SS None 8-20 (13) 
ODS 3 ( l ) t  8-19(12) 
TDS 3 and 6 (2) 8-18(11) 
GS 1-7 (7) 8-17(10) 
Winter WW None None 
SS None 8-23 (16) 
GS 1-7 (7) 8-20(13) 
* Trts: treatments. WW (well-watered treatment): plants were maintained at 80% field capacity (FC) after R5. 
SS (sudden severe stress treatment): plants were maintained at 80% FC for 7 days from R5; then, soil moisnire 
content was allowed to suddenly drop in one day to 20% FC and maintained for 13 days. ODS (one-day stress 
prior to severe water stress treatment): plants were maintained at 80% FC for 7 days after R5, except for day 3 
when the plants were exposed to water stress (20% FC). At day 8 after Rs, the soil moisture content for the 
plants from ODS was allowed to drop to 20% FC and maintained for 12 days. TDS (two-day stress prior to 
severe water stress treatment): plants were maintained at 80% FC for 7 days after R5, except for day 3 and 6 
when the plants were exposed to water stress (20% FC). At day 8 after Rs, the soil moisture content was 
allowed to drop to 20% FC and maintained for 11 days. GS (gradual stress prior to severe water stress 
treatment); the soil moisture content was dropped gradually in 7 days after Rs from 80% to 20% FC; then, 
maintained at 20% FC for 10 days. In the winter experiment, WW, SS, and GS were imposed in similar way to 
the summer experiment, except that the plants from the SS and GS treatments in the winter were exposed to a 
severe stress phase for 16 and 13 days in the winter experiment instead of 13 and 10 days in the simmer 
experiment, respectively. 
t See Figure 1.1 for days at which the measurements were taken. 
J Data between parenthesis indicate the number of days the plants were exposed to the stress. 
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Table 2.2: Measuring time of apparent photosynthetic rate, stomatal conductance, 
transpiration rate, and number of dead and live leaves for soybean plants exposed to drought 
stress treatments at beginning seed fill (R5) in the summer and winter experiments. 
Parameters Measurement Time 
Summer Experiment Winter Experiment 
Days after Stress Treatments Imposed at R5 + 
A, gs, andEt -7,4,7,11,26 0,6,10,26 
Number of Dead Leaves 10 —§ 
Number of Live Leaves 21 21 
t A: apparent photosynthetic rate; g,; stomatal conductance; E: transpiration rate. 
i See Figure 1.1 for days at which measurements were taken. 
§ Number of dead leaves was not recorded in the winter experiment. 
Table 2.3: Leaf apparent pliotosyiitlictic rate, stomatal condiictancc, and transpiration rate for soybean plants exposed to five-
drought treatments at beginning seed fill (Rj) in the sv\mmcr experiment. 
Pays after Drought Treatments Imposed at R; 
Trts* -7 4 7 11 26 
At A gs E A g> E A E A Ks E 
WW 18.7 4.0 22.8 11.8 1.8 15.3 11.5 2.1 14.7 11.2 1.4 16.6 6.6 0.3 4.9 
SS 15.7 4.3 21.2 10.8 1.7 15.6 13.1 2.2 15.3 1.6 0.8 11.4 3.4 0.2 3.5 
ODS 18.4 3.5 21.2 1.9 1.4 12.9 14.3 2.8 15.6 1.7 0.9 12.3 4.4 0.3 3.9 
TDS 18.0 3.7 20.0 2.0 1.2 12.4 4.1 1.4 12.3 1.6 1.0 11.9 4.4 0.3 4.0 
GS 17.9 3.3 19.4 3.4 1.4 13.0 2.1 1.2 10.6 1.8 0.9 11.7 6.1 0.3 4.2 
LSD§ 6.5 2.9 5.9 3.1 0.3 2.1 3.8 0.8 2.8 2.4 0.2 2.3 2.4 0.1 1.3 
* Trts; treatments. WW (well-watered treatment); plants were maintained at 80% field capacity (PC) after R). SS (sudden severe stress treatment); plants 
were maintained at 80% FC for 7 days from Rj; then, soil moisture content was allowed to suddenly drop in one day to 20% FC and maintained for 13 days. 
ODS (one-day stress prior to severe water stress treatment); plants were maintained at 80% FC for 7 days after Rs, except for day 3, when the plants were 
exposed to water stress (20% FC). At day 8 after Rs, the soil moisture content for the plants from ODS was allowed to drop to 20% FC and maintained for 
12 days. TDS (two-day stress prior to severe water stress treatment); plants were maintained at 80% FC for 8 days after Rs, except for day 3 and 6, when the 
plants were exposed to water stress (20% FC). At day 8 after Rs, the soil moisture content was allowed to drop to 20% FC and maintained for 11 days. GS 
(gradual stress prior to severe water stress treatment); the soil moisture content was dropped gradually in 7 days after Rs from 80% to 20% FC; then, 
maintained at 20% FC for 10 days. 
§ LSD: Fisher's least significantly difference at probability level (p^0.03) to compare among treatment means. 
1 A: leaf photosynthesis rate (nmol COi/m^ s). 
gj; leaf stomata conductance (cm/s). 
f E; leaf transpiration rate (mmol/m^ s). 
Tabic 2.4: Leaf apparent photosyiithetic rate, stoniatal conductance, and transpiration rate for soybean plants exposed to three-
drought treatments at beginning seed fill (R5) in the winter experiment. 
Days after Water Stress Imposed 
Trts* 0 6 10 26 
At 84 A 8s E A gs E A & E 
WW 9.8 0.8 5.9 9.5 0.5 4.3 9.7 0.9 5.0 6.6 0.3 2.8 
SS 9.2 0.7 5.2 9.3 0.5 4.0 2.0 0.3 2.1 3.2 0.2 1.8 
GS 10.5 0.8 5.6 3.3 0.2 2.5 2.9 0.3 2.3 5.3 0.2 2.1 
LSD§ 2.65 0.32 1.30 4.09 0.15 1.80 2.35 0.25 0.80 1.88 0.09 0.80 
* Trts; treatnKnts. WW (well-watcrcd treatment); plants were maintained at 80% field capacity (FC) after R5. SS (sudden severe stress treatment); plants 
were maintained at 80% FC for 7 days from Rs; then, soil moisture content was allowed to drop suddenly in one day to 20% FC and maintained for 16 days. 
GS (gradual stress prior to severe water stress treatment); the soil moisture content was dropped gradually in 7 days after R) from 80% to 20% FC; then, 
maintained at 20% FC for 13 days. 
§ LSD; Fisher's least significantly difference at probability level (p:^0.05) to compare among treatment means. 
t A: leaf photosynthesis rate (nmol of COj/mVs). 
I gs; leaf stomata conductance (cm/s). 
^ E; leaf transpiration rate (mmol/mVs). 
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Table 2.5: Number of dead and live leaves on soybean plants exposed to five-drought stress 
treatments at beginning seed fill (R5) in the summer experiment. 
Days after Drought Stress Imposed at Rs 
Trts* 10 21 
Dead Leaves Dead Leaves Live Leaves 
WW 8 5 82 
SS 72 42 30 
ODS 61 38 37 
TDS 51 26 43 
GS 56 34 52 
LSD § 16 17 11 
* Trts: treatments. WW (well-watered treatment); plants were maintained at 80% field capacity (FC) after R5. 
SS (sudden severe stress treatment); plants were maintained at 80% FC for 7 days from Rs; then, soil moisture 
content was allowed to suddenly drop in one day to 20% FC and maintained for 13 days. ODS (one-day stress 
prior to severe water stress treatment); plants were maintained at 80% FC for 7 days after R5, except for day 3 
when the plants were exposed to water stress (20% FC). At day 8 after R5, the soil moisture content for the 
plants from ODS was allowed to drop to 20% FC and maintained for 12 days. TDS (two-day stress prior to 
severe water stress treatment): plants were maintained at 80% FC for 7 days after R5, except for day 3 and 6 
when the plants were exposed to water stress (20% FC). At day 8 after R5, the soil moisture content was 
allowed to drop to 20% FC and maintained for 11 days. GS (gradual stress prior to severe water stress 
treatment); the soil moisture content was dropped gradually in 7 days after R5 ft'om 80% to 20% FC; then, 
maintained at 20% FC for 10 days. 
§ LSD; Fisher's least signiiicandy difference at probability level (p<0.05) to compare among treatment means. 
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Table 2.6: Number of live leaves on soybean plants exposed to three-drought stress 
treatments at beginning seed fill (Rs) in the winter experiment. 
Trts* Number of Live Leaves after 21 Days 




LSD § 2 
• Trts: treatments. WW (well-watered treatment): plants were maintained at 80% field capacity (FC) after R5. 
SS (sudden severe stress treatment): plants were maintained at 80% FC for 7 days from Rs; then, soil moisture 
content was allowed to suddenly drop in one day to 20% FC and maintained for 16 days. GS (gradual stress 
prior to severe water stress treatment): the soil moisture content was dropped gradually in 7 days after Rs from 
80% to 20% FC; then, maintained at 20% FC for 13 days. 
§ LSD: Fisher's least significantly difference at probability level (p<0.05) to compare among treatment means. 
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Table 2.7: Seed filling duration for soybean plants exposed to three-drought stress treatments 
at beginning seed fill (R5) in the winter experiment. 





* Trts: treatments. WW (well-watered treatment): plants were maintained at 80% field capacity- (FC) after R5. 
SS (sudden severe stress treatment): plants were maintained at 80% FC for 7 days from Rj; then, soil moisture 
content was allowed to suddenly drop in one day to 20% FC and maintained for 16 days. GS (gradual stress 
prior to severe water stress treatment): the soil moisture content was dropped gradually in 7 days after R5 from 
80% to 20% FC; then, maintained at 20% FC for 13 days. 
§ LSD: Fisher's least significantly difference at probability level (p<0.05) to compare among treatment means, 
t Seed filling duration was considered as the number of days fi-om beginning seed fill (R5) to first brown pod on 
the main stem (R7). 
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Table 2.8: Yield and yield components of soybean plants exposed to drought stress 
treatments at beginning seed fill (R5) in the summer and winter experiments. 
Experiment Trts^ Yield Pods Seeds 
NOR If SHR# UPV 
100-Seed 
Weight 















201 11 6 397 12.3 
115 63 36 228 8.5 
161 45 16 311 9.7 
143 38 32 259 10.6 
164 35 14 307 10.6 
37 27 22 93 3.49 
Winter X WW 25.9 62 3 2 128 20.2 
SS 13.8 45 13 6 97 14.2 
GS 14.8 44 11 8 94 15.7 
LSD§ 3.66 6 3 2 14 2.50 
t In the summer experiment, yield of the whole plant was measured. 
t In the winter experiment, yield of the main stem was measured (plants were de-branched during vegetative 
growth). 
* Trts: treatments. WW (well-watered treatment): plants were maintained at 80% field capacity (FC) after R5. 
SS (sudden severe stress treatment): plants were maintained at 80% FC for 7 days from R5; then, soil moisture 
content was allowed to suddenly drop in one day to 20% FC and maintained for 13 days. ODS (one-day stress 
prior to severe water stress treatment): plants were maintained at 80% FC for 7 days after R5, except for day 3 
when the plants were exposed to water stress (20% FC). At day 8 after Rj, the soil moisture content for the 
plants from ODS was allowed to drop to 20% FC and maintained for 12 days. TDS (two-day stress prior to 
severe water stress treatment): plants were maintained at 80% FC for 7 days after Rs, except for day 3 and 6 
when the plants were exposed to water stress (20% FC). At day 8 after Rs, the soil moisture content was 
allowed to drop to 20% FC and maintained for 11 days. GS (gradual stress prior to severe water stress 
treatment): the soil moisture content was dropped gradually in 7 days after R5 fi-om 80% to 20% FC; then, 
maintained at 20% FC for 10 days. In the winter experiment, WW, SS, and GS were imposed in similar way to 
the summer experiment, except that the plants from the SS and GS treatments were exposed to a severe stress 
phase for 16 and 13 days in the winter experiment instead of 13 and 10 days in the summer experiment, 
respectively. 
^ NOR: normal. 
# SHR: shriveled. 
^ UDV: undeveloped. 
§ LSD: Fisher's least significantly difference at probability level (p<O.OS) to compare among treatment means. 
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CHAPTER 3. SOYBEAN SEED QUALITY IN RESPONSE TO 
DROUGHT STRESS IMPOSED PRIOR TO SEVERE STRESS 
A paper to be submitted to Crop Science 
N. Samarah and R. Mullen 
Abstract 
Conflicting evidence exists in the literature on seed quality response to drought stress, 
which may be due to the rate of stress in addition to the intensity. Production of small, 
shriveled, wrinkled, undeveloped seeds may be another important factor in determining seed 
quality under drought stress. Our objective was to study whether soybean plants exposed to 
gradual reduction in soil moisture and to pre-episodes of drought produce larger seeds and 
less shriveled seeds and have higher seed germination and vigor compared with suddenly 
stressed plants. Two greenhouse experiments were conducted, one during summer and one 
during winter. In summer, five treatments were imposed: 1) well-watered (WW) (control), 2) 
sudden severe stress (SS) (suddenly stressed without drought pre-conditioning), one-day 
stress (ODS) (drought pre-conditioned by exposing the plants to one-day stress) prior to 
severe stress, 3) two, one-day stresses (IDS) (drought pre-conditioned by exposing the plants 
to two separate days of drought stress) prior to severe stress, and 5) gradual stress (GS) 
(drought pre-conditioned by exposing the plants to gradual reduction in soil moisture in 7 
days) prior to severe stress. In winter: WW, SS, and GS treatments were imposed. In the 
summer experiment, treatments did not change standard germination (STDG) and seedling 
dry weight (SDW) for large or small seeds. Small seeds generally had lower STDG and 
SDW than large seeds. In the winter experiment, treatments did not change STDG in large 
seeds. Medium seeds from GS and SS treatments had lower STDG than medium seeds from 
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W^'', mainly due to hardseededness. In winter, the SS treatment significantly lowered the 
germination after accelerated aging (AA) of the large seeds compared with GS and WW. 
Thus, drought stress decreased seed quality, not only by increasing the proportion of medium 
and small seeds, which had lower STDG, but also by decreasing AA germination. Seeds 
from ODS and TDS in summer and GS treatment in siunmer and winter did not have an 
advantage in production of large seeds and germination over that observed in SS plants. 
However, gradually stressed plants produced large seeds with higher vigor (AA-germination) 
than large seeds obtained fi'om suddenly stressed plants. 
Introduction 
Drought stress imposed during reproductive growth can reduce seed germination and 
vigor. Seed quality, estimated by standard germination test, was lower for seeds harvested 
from plants grown under drought than seeds harvested from irrigated plants (Drummond et 
al., 1983). Smiciklas et al. (1992) reported that drought stress at begiiming seed fill (Rs) 
reduced seed germination percentage, seedling dry weight, and increased the electrical 
conductivity of seed leachate. The reduction in germination percentage under the stress was 
approximately 9% compared with non-stressed plants (Smiciklas et al., 1992). The reduction 
in percentage of normal germinating seeds under drought stress was due to presence of 
abnormal seedlings (Smiciklas et al., 1989). Drought stress during seed fill (R5) decreased 
standard germination by 5%, seed vigor, as estimated by the decrease in seedling dry weight 
by 12%, and increased electrical conductivity of the seed leachate by 19% (Dombos and 
Mullen, 1985; Dombos and Mullen, 1989). In four-field experiments conducted at 
Stoneville, Mississippi, using maturity groups IV, V, and VI soybean cultivars, Heatherly 
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(1993) reported that non-irrigated plants produced seeds with low standard germination (less 
than 70%) in all experiments when irrigation was withheld at different periods during 
reproductive growth (Ri to Rfi). Irrigation from flowering through seed fill was required to 
improve seed germination in all experiments (Heatherly, 1993). 
Other researchers reported that drought stress during seed development reduced seed 
vigor but had no effect on seed germination (Yaklich, 1984; Fougereux et a!., 1997; lannuce 
et al., 1996). Drought stress during pod fill reduced seed vigor, measured by the accelerated 
aging test, but had no effect on lab and field emergence (Yaklich, 1984). A reduction in seed 
vigor, estimated by electrical conductivity and cold tests, was observed in pea seeds obtained 
from plants exposed to drought stress during the entire reproductive period, but seed 
germination was not affected (Fougereux et al., 1997). 
Not all researchers have observed that drought stress during seed development affects 
seed germination and vigor. Irrigation increased soybean yield but had no effect on seed 
quality (Kadhem et. al., 1985). Vieira et al. (1992) found that drought stress imposed at R5 or 
full seed stage (R^) had no effect on seed quality, as estimated by seed germination, 
accelerated aging, and cold tests, except for a slight reduction in 3-day germination and 
electrical conductivity. They attributed the reduction in 3-day germination in some of the 
drought stress treatments to the occurrence of hard seeds. Drought stress had little effect on 
seed quality unless it was severe enough to produce shriveled, shnuiken, and miss-shaped 
seed (Vieira et al., 1991; Vieira et al., 1992). The expression of shriveled seeds can be 
influenced by changes in environmental conditions (Honeycutt et al., 1989). 
Shriveled seeds generally have inferior seed quality compared with normal seeds. 
Germination of shriveled seeds developed under defoliation stress ranged from 11 to 75%, 
which was lower than germination of normal rounded seeds (Vieira et al., 1992). Although 
wrinkled (shriveled) seeds obtained from plants exposed to drought stress in the field had 
standard germination as high as normal rounded seeds, their seed vigor, as estimated by 
germination after accelerated aging, was lower than normal seeds (Vieira et al., 1991). 
Drought stress might increase the proportion of hard seed (impermeable seed coat), 
especially in the smaller size fraction (Vieira et al., 1991). High temperature and drought 
increased the percentage of hardseededness in soybean (Dombos and Mullen, 1991). 
Drought stress affected seed coat thickness, composition, and permeability (Nooden et al., 
1985; Yaklich et al., 1986). Irrigation of soybean dxiring seed filling period decreased hard 
seeds (Heatherly and Kenty, 1995; Hill et al., 1986) and increased seed germination 
(Heatherly and Kenty, 1995). The effect of drought stress on the expression of impermeable 
seed coat characteristic may interact with the time of stress imposed and other adverse 
en\'ironmental conditions during seed development and maturation. Hard seeds had lower 
seedling establishment under dry conditions, slower speed of emergence, and less uniform 
seedlings (Potts 1978, 1985). 
The reduction in seed size and weight for plants exposed to drought stress during seed 
development may correlate with seed quality. Seed weight of soybean plants grown under 
drought stress was positively correlated with seed quality measurements of seed germination, 
seedling dry weight, and electrical conductivity of the seed leachate (Dombos and Mullen, 
1989). Germination of heavier soybean seed was better than lighter seeds (Burris et al., 
1973). Emergence of soybean was significantly reduced when seed weight was lighter than 9 
grams per 100 seeds (Burris et al., 1973). 
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These results indicate that the effect of drought stress on soybean seed quality has 
been highly variable. In experiments conducted on seed quality of soybean plants exposed to 
drought stress from R5 to Rg (Smiciklas et al., 1992; Smiciklas et al., 1989; Dombos and 
Mullen, 1989; Heatherly, 1993; Vieira et al., 1991), the authors showed that the plants were 
stressed by reporting a reduction in leaf photosynthesis, stomatal conductance, transpiration, 
or reduction in yield. However, the authors did not report the rate of onset of drought stress. 
The rate of stress might affect seed set, development and size. Previous work on wheat 
showed that gradually stressed plants had larger seeds than suddenly stressed plants (Kobata 
et al., 1992). The different responses to drought stress in the literature may have been due to 
the way the stress was applied (the amount or rate of stress in the field versus rate of stress in 
the greenhouse). In addition to amount and rate of drought stress, the way seed testing was 
handled (whether damaged, shriveled, small, wrinkled seeds were included or excluded in 
seed quality measurements) is another important factor in determining seed quality under 
drought stress. The distribution and seed quality of different seed sizes produced under 
drought stress conditions needs to be determined. The objectives of this experiment were to 
study whether drought pre-conditioning of soybean plants by exposing plants to gradual 
reduction in soil moisture or to pre-episode of drought stress had an advantage in production 
of large sized seeds and in seed germination and vigor over the plants exposed to sudden 
severe drought stress. 
Materials and Methods 
Two greenhouse experiments were conducted at Iowa State University, Ames, Iowa. 
One was conducted from March 10 to September 18, 1998 (stmuner experiment). The 
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second experiment was conducted from October 10, 1998 to March 17, 1999 (winter 
experiment). In both experiments, seeds of semi-determinate soybean cultivar "Harosoy" 
were planted in 3.8 L plastic pots containing a mixture of soil; peat: perlite in a volume ratio 
1:2:2 (summer experiment) or soil: silica sand: peat: perlite in a volume ratio 2:2:1:1 (winter 
experiment). In the summer experiment, one plant per pot was used. In the winter 
experiment, two de-branched plants per pot were used. Plants were de-branched to reduce 
the variability in seed development during the drought stress period. In both experiments, 
plants were well watered until beginning seed fill (R5) (Fehr and Caviness, 1977). At R5, 
five-drought stress treatments were imposed on plants in the summer experiment (Figure 
3.1). In the well-watered (WW) treatment (control), plants were maintained at 80% field 
capacity (FC) after R5. In the sudden severe stress treatment (SS) (suddenly stressed without 
drought pre-conditioning), plants were maintained at 80% FC for 7 days from R5; then, soil 
moisture content was allowed to drop suddenly in one day to 20% FC and maintained for 13 
days. In the one-day stress treatment (ODS) (drought pre-conditioned by exposing the plants 
to one-day stress), imposed prior to the severe water stress treatment, plants were maintained 
at 80% FC for 7 days after R5, except for day 3 when soil moistiu^e was allowed to drop to 
20% FC for one day. Plants were re-watered to field capacity and at day 8 after R5, the soil 
moisture content for plants from the ODS treatment was allowed to drop to 20% FC and 
maintained for 12 days. In the two-day stress treatment (TDS) (drought pre-conditioned by 
exposing the plants to two separate days of stresses), imposed prior to the severe water stress 
treatment, plants were maintained at 80% FC for 7 days after R5, except for day 3 and 6 when 
soil moisture was allowed to drop to 20% FC during a 24-h period. Plants were re-watered 
after the one-day stress periods and at day 8 after R5, the soil moisture content was allowed to 
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drop to 20% FC and maintained for 11 days. In the gradual stress treatment (GS) (drought 
pre-conditioned by exposing the plants to a gradual reduction in soil moisture), imposed prior 
to the severe water stress treatment, soil moisture content was dropped gradually and daily 
for 7 days after Rs from 80% to 20% FC and maintained at 20% FC for 10 days. In the 
winter experiment, WW, SS, and GS treatments were used and imposed similar way to the 
summer experiment, except that plants from the SS and GS treatments were stressed for 16 
and 13 days, respectively, during the severe stress phase instead of 13 and 10 days in the 
summer experiment (Figure 3.1. and Table 3.1). 
In both experiments, the experimental design was a randomized complete block 
design with four replications. In the summer experiment, one plant per pot was used for the 
experimental treatment unit using a total of 20 plants (4 replications x 5 treatments x one 
plant per pot). In the winter experiment, five pots of two de-branched plants each were used 
for the experimental treatment unit using a total 120 plants (4 replications x 3 treatments x 5 
pots x 2 plants per pot). 
Average mid-day air temperature, light intensity, and air relative humidity at the top 
of the canopy during the seed filling stage was 33°C, 1050 jimol of photon/m"/s, and 41% in 
the summer experiment, and 27°C, 998 ^mol of photon/m"/s, and 39% in the winter 
experiment, respectively. 
In both experiments, the plants were harvested at Rg (mature seeds). In the summer 
experiment, seeds were separated into two size categories using a 3.97 x 19.05 mm (width x 
length) oblong screen. Seeds retained above the screen were classified as large seeds, and 
seeds passing through the screen were classified as small seeds. In the winter experiment, 
seeds were screened differently because greater seed niunber allowed a greater range of size 
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separation. Seeds were separated using a 3.97 x 19.05 mm (width x length) oblong screen 
into: above (Lot A) and passing through (Lot B) the screen. Seeds in Lot A that were 
retained above a 6.35 mm diameter roimd screen were classified as large seeds in the winter 
experiment. Seeds in Lot A that passed through a 6.35 mm diameter round screen, but were 
retained above a 5.56 mm diameter round screen were classified as medium seeds. Seeds in 
Lot A that passed through a 5.56 mm diameter round screen were recombined with seeds in 
Lot B (seeds passing through a 3.97 x 19.05 mm [width x length] oblong screen) and 
classified as small seeds. Percentage (by weight) of seeds in each size category was 
calculated. Weight of 100 seeds was determined for each seed size category. 
In both experiments, standard germination percentage was determined for seeds in 
each size category as described in Association of Official Seed Analysts (1991), except that 
10 seeds per replication and two sub-samples of 25 seeds per replication were used in the 
summer and winter experiments, respectively. Seedlings were evaluated as described by 
International Seed Testing Association (1993). Dry weight of the normal seedlings from 
standard germination was measured. In the winter experiment, three vigor tests (single seed 
electrical conductivity of seed leachate, accelerated aging test, and cold test) were conducted 
for the large and mediimi seed size categories as described in Association of Official Seed 
Analysts (1983). 
Results and Discussion 
Seed Size and Distribution and Seed Weight 
We sized the seeds into seed size categories in order to quantify the percentage (by 
weight) of seeds in each seed size category for seed lots produced under drought treatments 
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and to obtain seeds uniform in weight within each seed size category to compare seed 
germination and vigor among treatments and seed sizes. In the summer experiment, drought 
stress treatments increased the percentage (by weight) of small seeds compared with the 
well-watered plants (Figure 3.2a). The seeds in the small seed size category were shriveled, 
miss-shaped, wrinkled, and undeveloped. Percentage of small seeds was not different among 
plants from SS, ODS, TDS, and GS treatments. 
In the winter experiment, SS and GS treatments increased the percentage (by weight) 
of medium and small seeds produced compared with the WW treatment (Figure 3.3a). The 
seeds in the medium seed size category had seed coats with little wrinkling. The seeds in the 
small seed size category were small, miss-shaped, wrinkled, and imdeveloped seeds. The GS 
treatment did not prevent the reduction in seed size over that observed in SS plants. Drought 
stress whether sudden or gradual was detrimental to the formation of large seeds. 
All drought stress treatments increased the proportion of small seeds in the summer 
experiment, and medium and small seeds in the winter experiment. The increase in 
proportion of medium and small seeds imder drought stress was in agreement with several 
other researchers (Dombos and Mullen, 1989; Vieira, 1991), who reported that drought stress 
reduced seed size. In our experiments, we calculated the percentage (by weight) of seeds in 
each category for seed lots produced under drought to quantify the negative effects of 
drought stress treatments on the formation of full rounded seeds and production of small, 
shriveled, wrinkled, miss-shaped seeds. 
Sizing the seeds resulted in seeds uniform in weight among all treatments within each 
seed size category (Figure 3.2b and Figure 3.3b). In the siunmer experiment, large seeds 
from all treatments had a higher 100-seed weight than small seeds. In the winter experiment. 
97 
large seeds from all treatments had a higher lOO-seed weight than medium and small seeds. 
Medium seeds from all treatments had a higher lOO-seed weight than small seeds. The 
results in both experiments showed that seeds from all treatments were uniform in weight 
within seed size (large or small) and different in weight among seed sizes (large vs. small). 
The uniformity of seed weight within each seed size category allowed us to test the effects of 
drought stress treatments on seed quality among seeds of similar size and weight. 
Seed Germination and Vigor 
In the summer experiment, standard germination (STDG) and seedling dry weight 
(SDW) tests were determined for large and small seeds (Table 3.2). The large or small seeds 
from all treatments did not differ in STDG and SDW. Small seeds had lower STDG and 
SDW than large seeds in all treatments. Production of dead and abnormal seedlings 
represented the majority of the reduction in germination of small seeds from all treatments. 
These results suggested that all drought treatments, regardless of drought pre-conditioning, 
did not change SDTG and SDW within large and small seeds. However, in all treatments 
large seeds had higher SDTG and SDW than small seeds. As noted earlier, drought stress 
treatments increased the percentage (by weight) of small seeds, which had lower SDTG and 
SDW. 
In the winter experiment, standard germination percentage (STDG) and seedling dry 
weight (SDW) tests were determined for large, medium, and small seeds (Table 3.3). Large 
seeds from all treatments did not differ significantly in STDG and SDW. Medium seeds 
from the WW treatment did not differ in STDG than large seeds from the WW treatment, but 
the medium seeds did have lower SDW than large seeds. For medium and large seeds 
produced from SS and GS treatments, mediimi seeds had lower SDTG and SDW than large 
seeds. Medium seeds from SS and GS plants had lower STDG than medium seeds from WW 
plants, but the medium seeds did not differ in SDW among WW, SS, and GS plants. For 
medium seeds, SDTG was not influenced by SS and GS treatments, which indicated that the 
GS treatment did not prevent the reduction of SDTG in medium seeds over that observed in 
SS plants. The reduction in STDG for the medium seeds in the SS and GS treatments 
compared with the WW treatment was mainly due to the presence of hard seeds (seeds with 
impermeable seed coat) produced in the SS and GS treatments. Percentages of hard seeds 
within medium sized seed were 0.5%, 16.5%, and 17.5% under WW, SS, and GS treatments, 
respectively. The presence of hard seeds in the medixmi seed size category was responsible 
for 79% and 83% of the reduction in STDG in the SS and GS treatments compared with the 
WW treatment, respectively. Production of abnormal seedlings and dead seeds was 
responsible for the remaining of the reduction in STDG in the SS and GS treatments. Hill et 
al. (1986) stated that that the expression of impermeable seed coat characteristic was more 
frequent in small seeds than in large seeds, and reported a 17% increase in the expression of 
impermeable seed coat with a decrease in seed size. Dombos and Mullen (1991) also 
reported that reduction in seed size was related to the expression of impermeable seed coat 
trait. Vieira (1991) observed a reduction in 3-day germination for the small soybean seeds 
produced under drought stress; however, the final germination was not affected by the 
presence of hard seeds. In our experiment, seeds remained dormant after 8 days of the 
germination test and helped explain lower germination values for smaller seed produced 
under drought sfress even though the seeds can be viable (Heatherly and Kenty, 1995; Potts, 
1985). However, the presence of hard seed is an important and responsive trait to drought 
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stress because of the undesirability of seed lots with significant percentages of hard seeds 
(Potts 1978, 1985). 
In the winter experiment, small seeds from SS or GS plants had significantly lower 
STDG and SDW than the medium and large seeds from SS or GS plants, respectively. Small 
seeds from SS and GS treatments had 47% and 39.5% STDG compared with 74.5% and 
74.5% for medium seeds, and 97% and 98% for large seeds, respectively. The reduction in 
STDG of the small seeds from SS and GS treatments was mainly due to the production of 
abnormal, hard and dead seeds. 
In both experiments, the results of SDTG and SDW suggested that drought stress 
treatments did not change SDTG and SDW of large seeds. These results were in agreement 
with Vieira (1991), who reported that large seeds from drought stressed plants and well-
watered plants in field experiments were not significantly different in SDTG. However, the 
SS and GS treatments in the winter experiment lowered germination of medium seeds, due to 
presence of hard seeds. In addition, small seeds from drought stressed plants had lower 
germination than large seeds in both experiments. All drought stress treatments decreased 
seed germination, by increasing the production of small seeds in the siunmer experiment and 
medium and small seeds in the winter experiment. Seeds from drought pre-conditioning 
treatment (ODS, TDS, GS) in summer and GS treatment in winter experiment did not have 
an advantage in seed germination over seeds from SS plants based solely on the germination 
test. 
Seed vigor was estimated by single seed cell electrical conductivity of the seed 
leachate (EC), gennination after cold test (cold), and germination after the accelerated aging 
test (AA) for large and mediimi seeds in the winter experiment (Table 3.4). EC was not 
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significantly different among all treatments and seed size categories, except for medium 
seeds, which had higher EC than large seeds produced from the SS treatment. Large seeds 
from SS, GS, and WW treatments did not differ in cold-germination. The medium seeds 
from SS and GS plants had a lower cold-germination than large seeds produced from SS and 
GS plants. Medium seeds from SS and GS treatments did not differ in cold-germination. 
Large seeds from WW and GS treatments did not differ in AA-germination, but both had 
significantly higher AA-germination than large seeds from the SS treatment. Medium seeds 
produced from SS and GS treatments did not differ in AA-germination. For seeds produced 
from the GS treatment, large seeds had higher AA-germination than medium seeds. Large 
and medium seeds from SS treatment did not differ in AA-germination. These results 
suggested that drought stress treatments reduced seed vigor of seed lots by increasing the 
production of medium seeds, which had lower cold- and AA-germination in both SS and GS 
plants and higher EC in SS plants than large seeds. Moreover, the SS treatment decreased 
AA-germination of large seeds compared with large seeds from GS and WW plants. The 
reduction in AA-germination of large seeds from SS plants were in contrast to the findings of 
Vieira et al. (1991), who reported that drought stress did not reduce vigor of large seeds. 
Reduction in AA-germination of soybean seeds harvested from plants exposed to drought 
stress during pod fill was also observed by Yaklich (1984) and was consistent with our 
finding. In our experiment, the GS treatment did not prevent the reductions in cold -and AA-
germination of medium seeds, and increases in electrical conductivity of seed leachate over 
that observed in SS plants. However, the GS treatment prevented the reduction in AA-
germination of large seeds over that observed in SS plants. 
101 
In both experiments, drought stress treatments affected soybean seed quality by 
increasing the proportion of small sized category seeds (consisted of shriveled, wrinkled, 
undeveloped, and miss-shaped seeds), which had lower germination and seedling dry weight 
than large seeds. These results were consisted with Vieira (1991), who reported that, drought 
stress reduced seed quality if the stress was severe enough to produce small, miss-shaped, 
wrinkled, and undeveloped seeds. However, we observed that medium seeds produced under 
drought stress also had lower germination. Our results also suggested that drought stress 
reduced seed quality not only by increasing the production of medium and small seeds, 
which had lower germination, but also by decreasing seed vigor (AA-germination) of large, 
full, rounded, seeds from SS plants compared with GS and WW plants. The GS treatment 
prevented the reduction in AA-germiantion of large seeds over that observed in SS plants. 
In both experiments, seed weight was highly correlated with seed quality tests (Table 
3.5). Seed weight was strongly and positively correlated with STDG and SDW in the 
summer experiment, and with STDG, SDW, cold-germination, and AA-germination in the 
winter experiment. These results were in contrast to Vieira (1991), who reported no 
correlation between seed size and seed quality in soybeans grown under drought stress. 
Positive correlations of seed weight with seed quality of plants grown under drought stress 
were also reported in soybean (Dombos and Mullen, 1989) and in forages (lannuce et al., 
1996). 
Summary and Conclusions 
Drought stress at R5 generally increased the proportion of small seeds and consisted 
of shriveled, miss-shaped, wrinkled, and undeveloped seeds. This reduction in seed size 
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from drought stress was also associated with lower standard germination and seedling dry 
weight. The reduction in the germination of small seeds was due mainly to production of 
abnormal seedlings, dead seeds, and hard seeds. Seed weight was strongly correlated with 
seed quality tests in both experiments. These results suggest that a primary reduction in 
germination of drought-stressed seeds results from the production of smaller seeds. 
Moreover, results of cold, EC, and AA tests suggested that drought stress decreased 
overall seed vigor by increasing the production of medium seeds, which had lower cold-
germination in both SS and GS plants and higher EC in SS plants than large seeds and by 
decreasing AA-germination for large seeds from SS plants compared with large seeds from 
GS and WW plants. In our results, seed vigor was more indicative of drought stress injury to 
seeds. Seed vigor tests are an important measure to assess drought-stressed seed lots. 
Seeds from drought pre-conditioning treatments (ODS and TDS, and GS) in summer 
and GS treatment in winter did not have an advantage in seed germination over that observed 
in SS plants. However, GS treatment improved seed vigor (AA-germination) of large seeds 
over that observed in SS plants. In our study gradual stress did appear to give plants and 
their seeds a slight advantage in terms of seed vigor over plants subjected to sudden severe 
stress. However, drought stress in all treatments in this study was not conducive to high seed 
quality when compared with well-watered plants. The reason for higher vigor (higher AA-
germination) of large seeds from gradually stressed plants compared with large seeds from 
suddenly stressed plants was not clear and need further study. 
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Figure 3.1: Five-drought stress treatments imposed on soybean plants at beginning seed fill 
(Rs) in the summer experiment. WW: plants were maintained at 80% field capacity after R5. 
SS: plants were maintained at 80% FC for 7 days firom R5; then, soil moisture content was 
allowed to suddenly drop in one day to 20% FC and maintained for 13 days. ODS: plants 
were maintained at 80% FC for 7 days after R5, except for day 3, when plants were exposed 
to water stress (20% FC). At day 8 after R5, the soil moisture content in ODS was allowed to 
drop to 20% FC and maintained for 12 days. TDS: plants were maintained at 80% FC for 7 
days after R5, except for day 3 and 6, when the plants were exposed to water stress (20% 
FC). At day 8 after R5, the soil moistiu'e content in TDS treatment was allowed to drop to 
20% FC and maintained for 11 days. GS: the soil moisture content was dropped gradually in 
7 days after R5 fi-om 80% to 20% FC; then, maintained at 20% FC for 10 days. 
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Table 3.1: Time and duration of drought stress treatments imposed on soybean plants at 
beginning seed fill (R5) in the simimer and winter experiments. 
Experiment Trts * Time When Plants Stressed 
Drought Pre- Severe Stress 
Conditioning Phase Phase 
Days after Stress Treatments Imposed at R51 
Summer WW None None 
SS None 8-20 (13) 
ODS 3 ( l ) t  8-19(12) 
TDS 3 and 6 (2) 8-18(11) 
GS 1-7 (7) 8-17(10) 
Winter WW None None 
SS None 8-23 (16) 
GS 1-7 (7) 8-20(13) 
* Trts: treatments. WW (well-watered treatment): plants were maintained at 80% field capacity (FC) after R5. 
SS (sudden severe stress treatment): plants were maintained at 80% FC for 7 days from R5; then, soil moisture 
content was allowed to suddenly drop in one day to 20% FC and maintained for 13 days. ODS (one-day stress 
prior to severe water stress treatment): plants were maintained at 80% FC for 7 days after Rs, except for day 3 
when the plants were exposed to water stress (20% FC). At day 8 after R5, the soil moisture content for the 
plants from ODS was allowed to drop to 20% FC and maintained for 12 days. TDS (two-day stress prior to 
severe water stress treatment): plants were maintained at 80% FC for 7 days after R5, except for day 3 and 6 
when the plants were exposed to water stress (20% FC). At day 8 after Rs, the soil moisture content was 
allowed to drop to 20% FC and maintained for 11 days. GS (gradual stress prior to severe water stress 
treatment): the soil moisture content was dropped gradually in 7 days after R5 from 80% to 20% FC; then, 
maintained at 20% FC for 10 days. In the winter experiment, WW, SS, and GS were imposed in similar way to 
the summer experiment, except that the plants from the SS and GS treatments were exposed to a severe stress 
phase for 16 and 13 days in the winter experiment instead of 13 and 10 days in the summer experiment, 
respectively. 
t See Figure 1.1 for days at which the measurements were taken. 
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Figure 3.2: Seed size distribution and weight of soybean seeds in the sximmer 
experiment, (a) Percentage by weight and (b) lOO-seed weight of two seed 
size categories of soybean seeds harvested from plants exposed to five-
drought stress treatments at beginning seed fill (R5). Large: seeds that 
retained above a 3.97 x 19.05 mm (width x length) oblong screen; Small: 
seeds that passed through a 3.97 x 19.05 mm (width x length) obong screen. 
Means ± standard error (n= 4). 
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Figure 3.3: Seed size distribution and weight of soybean seeds in the winter 
experiment, (a) Percentage by weight and (b) 100-seed weight of three seed size 
categories of soybean seeds harvested from plants exposed to three-drought 
stress treatments at beginning seed fill (R5). Large: seeds that retained above a 
6.35 mm diameter round screen; Medium: seeds that passing through a 6.35 mm 
diameter roimd screen and retained above a 5.56 mm diameter round screen; 
Small: the combination of seeds that passing through 3.97 x 19.05 mm (width x 
length) oblong and 5.56 mm diameter round screens. Means ± standard error 
(n=4). 
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Table 3.2: Standard germination and seedling dry weight for large and small seeds harvested 
from soybean plants exposed to five-drought stress treatments at beginning seed fill (R5) in 
the summer experiment. 
Trts * Seed Size Standard Germination SDW X 
Category Normal Abnormal Hard Dead 
t 
% mg/seedling 
\vw Large 75 20 0 5 34 
Small 23 20 0 57 14 
SS Large 77 13 0 10 34 
Small 20 18 0 62 21 
ODS Large 92 5 0 3 37 
Small 25 15 0 60 19 
TDS Large 87 10 0 3 35 
Small 27 28 0 45 24 
GS Large 82 15 0 3 41 
Small 25 17 0 58 14 
LSD^' 25 18 0 26 6 
LSD^ 25 16 0 24 8 
* Trts: treatments. WW (well-watered treatment): plants were maintained at 80% field capacity (FC) after Rs. 
SS (sudden severe stress treatment): plants were maintained at 80% FC for 7 days from Rs; then, soil moisture 
content was allowed to drop suddenly in one day to 20% FC and maintained for 13 days. ODS (one-day stress 
prior to severe water stress treatment): plants were maintained at 80% FC for 7 days after R5, except for day 3, 
when the plants were exposed to water stress (20% FC). At day 8 after R5, the soil moisture content for the 
plants from ODS was allowed to drop to 20% FC and maintained for 12 days. TDS (two-day stress prior to 
severe water stress treatment): plants were maintained at 80% FC for 8 days after R5, except for day 3 and 6, 
when the plants were exposed to water stress (20% FC). At day 8 after R5, the soil moisture content was 
allowed to drop to 20% FC and maintained for 11 days. GS (gradual stress prior to severe v^ater stress 
treatment): the soil moisture content was dropped gradually in 7 days after R5 from 80% to 20% FC; then, 
maintained at 20% FC for 10 days. 
t Large: seeds retained above a 3.97 x 19.05 mm (width x length) oblong screen; Small seeds: seeds passed a 
3.97 X 19.05 mm (width x length) oblong screeiL 
t SDW; seedling dry weight. 
® LSD: Fisher' least significantly difference at probability level (p<0.05) to con^are means within treatments. 
'' LSD: Fisher* least significantly difference at probability level (p<0.05) to compare meanc within seed size 
category. 
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Table 3.3: Standard germination and seedling dry weight for large, medium, and small seeds 
harvested from soybean plants exposed to three-drought stress treatments at beginning seed 
fill (Rs) in the winter experiment. 
Trts * Seed Size Standard Germination SDW § 
Categories Normal Abnormal Hard Dead 
t 
% mg/seedling 
WW Large 98 2 0 0 62 
Medium 96 3 0 I 46 
Small + — — — 
SS Large 97 2 1 0 56 
Meditmi 75 8 16 1 44 
Small 47 22 15 16 26 
GS Large 98 1 1 0 59 
Medium 75 6 17 2 45 
Small 40 23 12 25 24 
LSD' 16 8 8 4 4 
LSD" 13 6 8 4 5 
* Trts: treatments. WW (well-watered treatment); plants were maintained at 80% field capacity (FC) after Rs. 
SS (sudden severe stress treatment); plants were maintained at 80% FC for 7 days from R5; then, soil moisture 
content was allowed to drop suddenly in one day to 20% FC and maintained for 16 days. GS (gradual stress 
prior to severe water stress treatment); the soil moisture content was dropped gradually in 7 days after R5 from 
80% to 20% FC; then, maintained at 20% FC for 13 days. 
t Large; seeds retained above a 6.35 mm diameter round screen; Medium; seeds that passed a 6.35 mm 
diameter round screen and retained above a 5.56 mm diameter round screen; Small; the combination of the 
seeds that passed a 5.56 mm diameter round screen and a 3.97 x 19.05 mm (width x length) oblong screen. 
4= There were not enough seeds produced within this category under well water treatment (0.29% of the seed 
lot) to conduct the test 
§ SDW: seedling dry weight. 
* LSD; Fisher's least significantly difference at probability level (p<0.05) to compare means within treatments. 
^ LSD: Fisher's least significantly difference at probability level (p<0.05) to conq>are means within seed size 
category. 
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Table 3.4: Cold germination, gennination after accelerated aging, and electrical conductivity 
of seed leachate for large and medium seeds harvested from soybean plants exposed to three-
drought stress treatments beginning seed fill (R5) in the winter experiment. 
Trts * Seed Size Cold § AA ^ EC # 
Categories t 
% „ ns/mg— 
WW Large 98 90 0.98 
Medium 4: 
SS Large 91 66 1.01 
Me^imi 77 68 1.17 
GS Large 92 82 0.97 
Medium 75 66 1.08 
LSD^ 10 9 0.15 
LSD" 9 11 0.14 
* Trts: treatments. WW (well-watered treatment); plants were maintained at 80% field capacity (FC) after R5. 
SS (sudden severe stress treatment); plants were maintained at 80% FC for 7 days fi-om Rs; then, soil moisture 
content was allowed to drop suddenly in one day to 20% FC and maintained for 16 days. GS (gradual stress 
prior to severe water stress treatment); the soil moisture content was dropped gradually in 7 days after Rs &om 
80% to 20% FC; then, maintained at 20% FC for 13 days. 
t Large: seeds retained above a 6.35 mm diameter round screen; Medium: seeds that passed a 6.35 mm 
diameter round screen and retained above a 5.56 mm diameter round screen; Small: the combination of the 
seeds that passed a 5.56 mm diameter round screen and a 3.97 x 19.05 mm (width x length) oblong screen. 
^ There were not enough seeds produced within this category under well water treatment (3.95% of the seed 
lot) to conduct the test. 
§ Cold: germination after cold test. 
^ AA: germination after accelerated aging test 
* EC: electrical conductivity of seed leachate. 
* LSD: Fisher's least significantly difference at probability level (p<0.05) to compare means within treatments. 
'' LSD; Fisher's least significantly difference at probability level (p<0.05) to con^are means within seed size 
category. 
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Table 3.5: Simple correlation coefficient between standard germination, seedling dry weight, 
electrical conductivity, germination after cold test, and germination after accelerated aging 
test and seed weight. 
Experiment Quality Tests Seed Weight 
Summer STDG t 0.87*** 
SDW X 0.86*** 
Winter STDG 0.80*** 
SDW 0.91*** 
Cold § 0.82*** 
AAH 0.32** 
t STDG: standard germination test. 
i SDW; seedling dry weight. 
§ Cold; germination after cold test. 
*I AA; germination after accelerated aging test. 
Significantly different at probability level of 0.05, 0.01, 0.001, respectively. 
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CHAPTER 4. ACCUMULATION OF DEHYDRIN-LIKE PROTEINS AND 
SOLUBLE SUGARS IN SOYBEAN SEEDS AND SEED PERFORMANCE 
IN RESPONSE TO DROUGHT STRESS 
A paper to be submitted to Crop Science 
N. Samarah, R. Mullen, L Anderson, S. Sianzo, and P. Scott 
Abstract 
Drought stress during soybean seed development reduced seed germination and vigor 
(germination after accelerated aging). Dehydrin (dehydration-induced proteins) is proposed 
to play a role in acquiring seed desiccation tolerance. In addition to dehydrin, soluble sugars 
in the seeds have been associated with seed gennination after accelerated aging. Little 
information is available, however, about the accumulation of dehydrin proteins and soluble 
sugars in soybean seeds in response to drought stress and their association with seed 
gennination and vigor. Two greenhouse experiments and one field experiment were initiated 
to study the accumulation of dehydrin-like proteins and sugars in soybean seeds grown imder 
drought stress. One greenhouse experiment was conducted in summer and one in winter. In 
both greenhouse experiments, three treatments were imposed on soybean plants at begiiming 
seed fill (Rs): well watered treatment (WW), gradual stress (GS) imposed prior to severe 
stress treatment, and sudden severe stress (SS). In the field experiment, irrigation (I) and 
non-irrigation (NI) conditions were imposed at R5. In the winter experiment, drought stress 
treatments (20% field capacity of the soil) induced the expression of dehydrin-like proteins at 
18 days after R5 (Rs.g) in the developing seeds; and these proteins were not expressed in 
seeds fi-om WW plants. In the field experiment, dehydrin-like proteins were first detected at 
22 days (R^) in the developing seeds fi-om irrigated and non-irrigated plants. Dehydrin-like 
proteins in the developing seeds fi-om irrigated and non-irrigated plants in the field 
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experiment reached maximum accimiulation at 43 days after R5 (physiological maturity). 
The non-irrigated conditions did not induce dehydrin-like proteins at an earlier 
developmental stage as we observed in the greenhouse experiment. The differences in seed 
germination and vigor of different seed size categories from drought stress treatments were 
not due to lack of dehydrin-like proteins in the mature seeds. This conclusion was further 
confirmed by comparing the accumulation of dehydrin in large versus shriveled seeds from 
drought stressed and well-watered plants in the summer experiment. Although the shriveled 
seeds had lower standard germination than the round seeds, the shriveled and round seeds 
had similar accumulation of dehydrin-like proteins. 
Drought stress treatments (GS and SS) reduced the concentration of sucrose in the 
mature seeds compared with WW in the winter experiment. The reduction in concentration 
of sucrose in the mature seeds coincided with a reduction in germination after accelerated 
aging test. The induction of dehydrin-like proteins in developing seeds in response to 
drought stress in the winter experiment suggested that dehydrin might be an important 
response of developing seeds to drought stress. Dehydrin accumulation in developing seeds 
increased as the seed mature, reaching a maximum accumulation at seed physiological 
maturity prior to seed desiccation. The reduction in seed germination and vigor (accelerated 
aging) of drought stressed plants was not due to lack of dehydrin proteins in the mature seeds 
and seed quality could be reduced by more than one factor. Sucrose was reduced in drought 




Drought stress induces changes in polypeptide accumulation in many crop species 
(Ramagopal, 1987; Chen and Tabaeizadeh, 1992; Cheng et al., 1993). Although drought 
stress resulted in an overall decline in protein synthesis, synthesis of several proteins detected 
by two-dimensional gel electrophoresis was increased in soybean seedling tissue exposed to 
drought stress (Bensen et al., 1988). In maize tissue, drought stress increased the expression 
of 50 proteins, decreased expression of 23 proteins, and induced 10 proteins only in the 
stressed plants out of 413 spots detected by two-dimensional gel electrophoresis (Riccardi et 
al., 1998). The proteins synthesized in response to drought stress were known to be involved 
in plant response to water stress such as RAB17 [Response to ABA] protein, and enzymes 
involved in metabolic pathways such as glycolysis, Krebs cycle, and hgnin synthesis 
(Riccardi et al., 1998). 
Group n LEA (late embryogenesis abimdant) proteins synthesized in response to 
dehydration stress are called dehydrin (dehydration-induced) proteins (Close and Chandler, 
1990; Leprince et al., 1992). Dehydrins are a family of proteins that are induced in response 
to various environmental stresses such as drought stress, salt, and cold stress (Close, 1996). 
Dehydration of barley and maize seedlings induced the synthesis of dehydrin protein (Close 
and Chandler, 1990). Dehydrins were characterized as hydrophilic, heat soluble, free of 
cysteine and tryptophan, responsive to ABA, and rich in lysine (Close et al., 1989; Mundy 
and Chua, 1988; Vilardell et al., 1990; Close, 1996; Godoy et al., 1996). 
Dehydrin proteins accumulated along with other LEA proteins during seed 
development (Galau et al., 1986) and seed desiccation. Han et al. (1997) reported that a 
dehydrin of 25 kDa MW was detected in castor bean seeds (Ricinns communis L.) during 
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early- to mid- seed development. Other dehydrin polypeptides of28-30 kDa and 41 kDa 
were detected in mature dry seeds of castor bean (Han et al., 1997). Accumulation of 
dehydrin proteins along with other LEA proteins during mid-seed development and 
maturation (Close et al., 1989), suggested that dehydrin proteins as well as other LEA 
proteins might play a role in acquisition of desiccation tolerance in seeds (Dure et al., 1989; 
Dure, 1993). 
Bradford and Chandler (1992) indicated that LEA proteins alone were not sufficient 
to acquire desiccation tolerance in seeds. Although recalcitrant tree species are desiccation 
intolerant, Finch-Savage et al. (1994) reported that dehydrin proteins were detected in their 
seeds. Dehydrin-like proteins were present in Zizania mature seeds (Bradford and Chandler, 
1992; Still et al., 1994), but their seed viability was lost under unfavorable dehydration 
(Probert and Longley, 1989; Kovach and Bradford, 1992). Acquisition of desiccation 
tolerance in soybean seeds was not achieved by accumulating soluble proteins alone, but 
soluble proteins and soluble sugars contributed to the tolerance (Blackman et al., 1991). 
Samarah (2000, herein) found that drought stress reduced soybean seed quality by 
decreasing the germination of the medium and small seeds, and the vigor, as estimated by the 
germination alEter accelerated aging test, of large seeds from suddenly stressed plants 
compared with large seeds from gradually stressed and well-watered plants. Dehydrin 
proteins have been proposed by many researchers to be have an important role in membrane 
and protein stability, osmotic adjustment, and in desiccation tolerance (Carpenter and Crowe, 
1988; Close 1996; Dure et al., 1989; Godoy et al., 1996) and maybe important factors of 
seed germination and vigor of drought-stressed plants. In addition to dehydrin proteins. 
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soluble sugars have been associated with desiccation tolerance and longevity (Obendorf et 
al., 1998; Lin and Huang, 1994; Crowe et al., 1996; Crowe et al., 1984). 
Whether drought stress during seed development affects the expression of stress 
proteins such as dehydrin proteins, and soluble sugars in developing and mature soybean 
seeds is not known, also whether the stress proteins are related with seed germination and 
vigor. The objectives of this experiment were to: 1) study the expression of heat soluble and 
dehydrin-like protein in soybean seeds developed under drought stress, 2) study the 
accumulation of heat soluble and dehydrin-like protein in different sizes of mature seeds 
produced under drought stress, and their association with seed germination and vigor, 3) 
study the relationship between soluble sugars in large soybean seeds and seed vigor (as 
estimated by the germination after accelerated aging test). 
Materials and Methods 
Experiments 
Three experiments, two in the greenhouse and one in the field, were initiated to study 
the accumulation of protein and sugars in soybean seeds grown under drought stress and their 
relationship with seed germination and vigor. The two greenhouse experiments were 
conducted at Iowa State University, Ames, Iowa. One experiment was initiated March 10, 
1998 and ended September 18, 1998 (summer experiment). The second experiment was 
initiated in October 10, 1998 and ended March 10, 1999 (winter experiment). The soil 
mixture used in the summer experiment was soil: peat: perlite in a ratio of 1:2:2. In the 
winter experiment, the soil mixture was soil: silica sand: peat: perlite in a ratio of 2:2:1:1. In 
the summer experiment, the soil mixture was prepared in bulk and left to dry on the 
greenhouse bench. Twenty 3.8 L pots containing an equal weight of soil mixture were used. 
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In the winter experiment, the soil mixture was prepared separately for each pot. Sixty pots 
containing an equal weight of soil mixture were prepared. In both experiments, ten pots of 
soil mixture were randomly taken and allowed to saturate overnight in a water bath. Next 
day, pots were allowed to drain and weighed to determine field capacity. In both 
experiments, four soybean seeds of semi-determinant cultivar "Harosoy" were planted per 
pot. After two weeks, seedlings were thinned to one seedling per pot in the summer 
experiment and two seedlings per pot in the winter experiment. The plants were watered to 
80% field capacity in both experiments until the beginning seed fill growth stage (R5) (Fehr 
and Caviness, 1977). At R5, one of three drought stress treatments was imposed on the plants 
(Figure 4.1). The treatments were well-watered (WW) (control), gradual stress (GS) 
(drought pre-conditioned by exposing the plants to gradual reductions in soil moisture for 7 
days) imposed prior to severe water stress, and sudden severe water stress (SS) (suddenly 
stressed without drought pre-conditioning). In the WW treatment, the plants were 
maintained at 80% FC fi-om R5 to seed maturity (Rg). In the GS treatment, plants were 
exposed to a gradual reduction in soil moisture content from 80% to 20% FC in 7 days after 
R5. At day 8, plants in GS treatment were exposed to severe drought for 10 and 13 days in 
summer and winter experiments, respectively. In the SS treatment, plants were maintained at 
80% FC for 7 days after Rs; then, plants were suddenly exposed to severe water stress (20% 
FC) at day 8 after R5. The severe stress period in SS treatment was imposed for 13 and 16 
days in the summer and winter experiments, respectively. The difference between the SS and 
GS treatments in the duration of the severe drought (13 versus 10 in the summer experiment 
and 16 versus 13 in the winter experiment, respectively) was designed to equalize the total 
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water consumption of plants between the two treatments during the first seven days after Rs 
and was based on water consumption patterns of treatment plants. 
Average mid-day air temperature, light intensity, and air relative humidity at the top 
of the canopy during the seed filling stage was 33°C, 1050 ^miol of photon/m*/s, and 41% in 
the summer experiment, and 27°C, 998 ^mol of photon/mVs, and 39% in the winter 
experiment, respectively. 
The field experiment was conducted in Puerto Rico from October 25, 1999 to January 
20, 2000. Seeds of semideterimanant cultivar "Harosoy" were planted in rows 3-meter long. 
Thirteen seeds were planted per meter. Plants were irrigated with 381 mm of water per week 
until Rs. At Rs, plants from WW treatment were irrigated as needed while the plants in 
drought stress treatment were left without irrigation (rainfed) from Rs to seed maturity. Soil 
relative humidity at 45 cm depth was measured daily during Rs to R7 using a soil tensiometer 
and used to monitor irrigation time. Average maximum and minimum temperature, 
percentage relative humidity in air, and rainfall during treatment period were also recorded 
(Appendix A, Table A.1). 
The experimental design was a randomized complete block design with four 
replications. In the summer experiment, one plant per pot was used for the experimental unit 
using a total of 20 plants (4 replications x 5 treatments x one plant per pot). In the winter 
experiment, five pots of two de-branched plants each were used for the experimental 
treatment unit using a total of 120 plants (4 replications x 3 treatments x 5 pots x 2 plants per 
pot). In the field experiment, five 3-meter rows were planted per replication (200 seeds per 
replication). In the three experiments, seeds were harvested at maturity (Rg) at moisture 
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content of approximately 130 g kg"' based on wet weight and stored at 10°C until used. 
Samples of mature seeds were stored at —80°C for protein analysis. 
Accumulation of Heat Soluble and Dehydrin-like Proteins in Developing 
Soybean Seeds Exposed to Drought Stress Treatments 
In the winter and field experiments, seeds were sampled during development fi-om 
plants exposed to drought stress treatments to study the accumulation of heat soluble proteins 
and dehydrin proteins in response to drought stress. In the winter experiment, seeds were 
sampled at 2, 4, 10 and 18 days after Rs (Table 4.1). In the field experiment, seeds were 
sampled at 0, 5, 15, 22, 43 days after R5 (Table 4.1). Seed dry weight and moisture content 
at each sampling date were measured. 
Seed Germination and Vigor under Drought Stress 
In the three experiments, mature seeds fi-om different drought stress treatments were 
screened into different seed size categories. Sizing seeds allowed us to compare seed 
germination and vigor among drought stressed and well-watered treatments for seeds 
uniform in size and weight. In the summer experiment, seeds were separated into two size 
categories using a 3.97 x 19.05 mm (width x length) oblong screen. Oblong screen was used 
to separate large rounded seeds (above) fi-om shriveled, undeveloped, flat, miss-shaped seeds 
(below) the screen. Seeds retained above the screen were classified as large seeds, and seeds 
passing through the screen were classified as small seeds. In the winter experiment, seeds 
were screened differently because greater seed number allowed a greater range of size 
separation. Seeds were separated using a 3.97 x 19.05 mm (width x length) oblong screen 
into: above (Lot A) and passing through (Lot B) the screen. Seeds in Lot A that were 
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retained above a 6.35 mm diameter round screen were classified in the winter experiment as 
large seeds. Seeds in Ix)t A that passed through a 6.35 mm diameter round screen, but were 
retained above a 5.56 mm diameter round screen were classified as medium seeds. Seeds in 
Lot A that passed through a 5.56 mm diameter round screen were combined with seeds in 
Lot B (seeds passing through a 3.97 x 19.05 mm [width x length] oblong screen) and 
classified as small seeds. In the field experiment, seeds were screened over a 3.97 x 19.05 
mm (width x length) oblong screen: above (Lot A) and passing through (Lot B). Seeds in 
Lot A that were retained above a 5.56 mm diameter round screen were used for the 
experiment (as a combination of large and medium seeds). Seeds retained above a 5.56 mm 
diameter screen were not classified into large and medium seeds in the field experiment 
because non-irrigated condition in the field did not affect seed size and the seeds were 
uniform in weight. The seeds in Lot A that passing through a 5.56 mm diameter round 
screen were combined with seeds in Lot B, and classified as small seeds (these seeds 
represented less than 0.5% of seed lots fi-om irrigated and non-irrigated conditions). The 
small seeds were not used in the field experiment. 
In the three experiments, the standard germination tests were conducted for seeds in 
different size categories resulting fi-om the drought stress treatments. The standard 
germination test was conducted as described by Association of Official Seed Analysts 
(1991). The percentage of normal seedlings in the standard germination test was calculated. 
Three vigor tests were conducted for large and medium sized seeds in the winter 
experiment and for seeds retained above a 5.56 nmi diameter round screen in the field 
experiment to compare the seed vigor among different drought stress treatments. The vigor 
tests were the accelerated aging test (AA), cold test (Cold), and electrical conductivity test of 
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seed leachate (EC). Seed vigor tests were conducted as described by Association of Seed 
Analysts (1983). 
Accumulation of Heat Soluble Proteins and Dehydrin-Uke Proteins in Mature Seeds of 
Soybean Plants Exposed to Drought Stress Treatments 
In the winter and field experiments, accumulation of heat soluble proteins and 
dehydrin-like proteins in mature soybean seeds was detennined to study their relationship 
with seed germination and vigor. In the winter experiment, mature seeds were randomly 
sampled fi-om different seed size categories (large, medium, and small) from different 
drought stressed plants. In the field experiment, mature seeds were randomly sampled from 
seeds that were retained above a 5.56 imn diameter round screen (a combination of large and 
medium seeds) from irrigated and non-irrigated conditions. 
Total Soluble, Heat Soluble, and Dehydrin-like Proteins in Full Rounded and Shriveled 
Soybean Seeds 
In the summer experiment, accumulation of total soluble, heat soluble, and dehydrin-
like proteins were determined for full rounded and shriveled soybean seeds to further verify 
their relationship with seed gennination and vigor observed in winter and field experiments. 
The full roimded and shriveled soybean seeds were selected from both large and small seed 
size categories from well-watered, gradual stressed, and suddenly stressed plants. 
Protein Extraction 
Harvested seeds were iimnediately frozen in liquid nitrogen and stored at -80°C until 
used. Seeds were ground to a powder in liquid nitrogen. Equal weights of seed powder was 
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extracted in a Tris solution (20 mM Tris, 0.5 M NaCl, pH adjusted to 7.5) and centrifuged at 
20,000g for 20 minutes. Supernatant was taken for electrophoresis of total soluble proteins. 
For electrophoresis of heat soluble proteins, supernatant was boiled in a water bath for 15 
min, transferred to ice for 4 min, centrifuged at 20,000g for 10 min, and then the supernatant 
was taken. The protein concentration in each supernatant was quantified as described in 
Microassay Procedure (BioRad) based on the method of Bradford using bovine albumin 
serum protein as a standard. 
Sodium Dodecylsulfate Polyacrylamide Gel Electrophoresis (SDS PAGE) 
An equal quantity of proteins firom seed powder extract was fi^ctionated by 
discontinuous SDS-PAGE (12.5%) using Mini-Protean n Electrophoresis Cells (BioRad). 
The gels were stained with commaise blue. 
Western Blotting 
Heat soluble proteins fi^ctionated by SDS PAGE were blotted onto Immobilon PVDF 
Transfer Membranes (Millipore, MA) using Hoefer Transfer Electrophoresis Unit 
(Amersham Pharmacia Biotech, California). The blotted proteins on the membranes were 
probed with a 1:2000 dilution of a polyclonal antibody (kindly provided by Dr. Timothy 
Close) raised against a synthetic peptide of 15 amino acids representing a consensus 
sequence (TGEKKGIMDKIKEKLPGQH) of dehydrin proteins. The membranes were then 
incubated with a secondary antibody (horseradish peroxidase conjugate). The secondary 




In the winter experiment, concentrations of sucrose, raffinose, and stachyose in large, 
full rounded soybean seeds from three drought stress treatments (WW, GS, and SS) were 
measured to study their accumulation in drought stressed seeds and their relationship to the 
germination percentages after accelerated aging test. Five to ten seeds were groimd to a 
powder in liquid nitrogen. The seed powder was stored at -80°C until used. An equal weight 
of seed powder (0.4g) was homogenated in 50:50 ethanol: distilled water (ddH20) (v/v), 
incubated at 80°C for 45 min, and then centrifuged at 27,500g for 20 min. After the 
supernatant was removed, the pellet was re-extracted again in the same way. The two 
superaatants were pooled and filtered through a 0.45 fim plastic filter. One milliliter of the 
pooled supernatant was evaporated to dryness in a stream of nitrogen. Residues were 
reconstituted in 30 g kg"' mannitol solution (used as sampling and injection standards), and 
analyzed in Alltech 1 OA-1000 column (Alltech Associates, Inc., IL) using a High Pressure 
Liquid Chromatography (HPLC). An aqueous mobile phase (0.005 N sulftiric acid) was used 
as eluent solution at flow rate of 0.3 ml/min. A standard solution of sucrose, stachyose, and 
raffinose was injected into the HPLC between samples. 
Results and Discussion 
Accumulation of Heat Soluble Proteins and Dehydrin-like Proteins in Developing 
Soybean Seeds Exposed to Drought Stress Treatments 
In the winter experiment, the heat soluble and dehydrin-like proteins were detected 
using SDS PAGE and Western blots for the developing seeds sampled at 2,4, 10, and 18 
days after R5, respectively (Figure 4.2 and Figure 4.3). In general, the accumulation of heat 
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soluble proteins as detected by SDS PAGE increased in developing seeds from plants in all 
treatments, except for the protein of 30 kDa MW which was expressed at lower level at 18 
than at 2, 4, and 10 days after Rs (Figure 4.2). Blackman et al. (1991) also reported that the 
accumulation of heat soluble proteins increased in soybean seeds during seed development, 
achieving the maximimi level during seed mattiration and desiccation. At day 4 after R5, 
seeds from the gradually stressed plants had an increase in abundance of a 36 kDa MW 
protein compared with the seeds from WW and SS plants. When developing seeds from GS 
and SS plants were sampled 10 days after R5, two proteins of 14 and 12 kDa MW were more 
abundant in the drought-stressed seeds compared with the seeds from WW plants. At day 18 
after R5, the proteins of45, 42, 34, 33, 26, and 25 kDa MW were expressed at lower levels in 
the seeds from SS plants than in seeds from GS and WW plants. The increase and decrease 
in expression of proteins under drought stress is consistent with findings of Riccardi et al. 
(1998) in maize and Bensen et al. (1988) in soybean, that drought stress resulted in increase 
in some proteins and decrease in others. Westem blot analysis did not detect dehydrin-like 
proteins at 2, 4, and 10 days after R5 (early during seed development) in any treatment 
(Figure 4.3). Expression of dehydrin-like proteins of 32 and 28 kDa MW was induced in the 
developing seeds from GS and SS plants but not in developing seeds from WW plants at 18 
days after R5 (mid seed development). 
In the field experiment, heat soluble and dehydein-like proteins were determined at 0, 
5, 15, 22, and 43 days after R5 (during the entire seed fill period) (Figure 4.4). Seeds from 
irrigated and non-irrigated plants were sampled to determine the time of dehydrin appearance 
in developing seeds from the WW plants and the accumulation pattern of dehydrin later 
during seed development (Figure 4.4 and Figure 4.5). The accumulation of heat soluble 
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proteins increased in the developing seeds from irrigated and non-irrigated plants (Figure 
4.4). The developing seeds from irrigated and non-irrigated plants did not differ in the 
accumulation of heat soluble proteins at each sampling date. Western blotting indicated that 
dehydrin-Iike proteins of 32 and 28 kDa MW were slightly expressed at 22 days after Rs (full 
seed growth stage [R6]) in the developing seeds from irrigated and non-irrigated plants 
(Figure 4.5). The accumulation of dehydrin-Iike proteins of 34, 32, and 28 kDa MW 
increased at 43 days after Rs (yellow pod stage [physiological maturity]) prior to seed 
desiccation (Figure 4.5). Dehydrins were identified among LEA proteins that synthesized 
prior to dehydration of the maturing seeds (Galau et al., 1986, Dure et al., 1989). The 
developing seeds from the irrigated and non-irrigated plants accumulated dehydrin-Iike 
proteins similarly at 22 and 43 days after Rs- Non-irrigated plants did not accumulate 
dehydrin-Iike proteins at 0, 5, 15 days after Rs (early during seed development). Similarly, 
the drought stress treatments (GS and SS) did not induce dehydrin in the developing seeds at 
2, 4, and 10 days after Rs in the winter experiment, but GS and SS induced dehydrin 
accumulation in the developing seeds 18 days after Rs. The difference in expression of 
dehydrin-Iike proteins in the developing seed in response to drought stress in the winter and 
field experiment might be due to the difference in stress severity, developmental stage at 
which seed samples were taken, or the time of sfress occurrence between the two 
experiments. 
Three hypotheses are proposed to discuss the mechanism by which drought stress 
might induce dehydrin-Iike protein in the developing soybean seeds at 18 days after Rs 
(around mid-seed development) in the winter experiment. The first hypothesis is that 
drought might have accelerated seed development, resulting in earlier expression of 
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dehydrin-Iike proteins. Based on this hypothesis, dehydrin-like proteins were expressed due 
to development rather than environmental stress. Drought stress shortened seed filling 
period, but had no effect on seed growth rate (Smiciklas et al., 1989; Meckel et al., 1984; 
Westgate and Grant, 1989). In our experiment, drought stress shortened the seed filling 
period (period fi-om R5 to Rg) by 4 days (data not shown). However, we selected seeds with 
same developmental stage fi-om WW, GS, and SS plants at each sampling date for dehydrin 
measurements. The developing seeds fi-om WW, GS, and SS plants did not differ in seed dry 
weight 18 days after R5 when dehydrin proteins were first detected in the developing seeds 
fi-om the drought stress treatments (GS and SS) compared with the seeds fi-om WW (Figure 
4.6 and 4.3). Because the developing seeds sampled at 18 days after R5 fi-om WW, GS, and 
SS plants had similar dry weight and moisture content, the induction of dehydrin-Iike 
proteins by drought stress treatments was unlikely due to the acceleration of the seed 
development. 
The second hypothesis was the change in water potential in developing seeds under 
drought stress, might have resulted in the expression of dehydrin-like proteins. Westgate and 
Grant (1989) reported that severe drought stress imposed on soybean plants during seed 
development reduced leaf water potential, but had no effect on seed water potential. Similar 
results were observed in maize (Westgate and Grant, 1986) and wheat (Barlow et al., 1980) 
seeds under drought stress conditions. Because the water contents of seeds from GS and SS 
plants were the same as the water content of the seeds from the WW plants at 18 days after 
Rs (Figure 4.6), the second hypothesis, that dehydrin response to drought stress was only a 
response to early seed desiccation appears unlikely. 
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The third hypothesis is that drought stress treatment increased the biosynthesis of 
ABA, which might induce the expression of dehydrin-Iike proteins. Abscisic acid (ABA) has 
been reported to mediate the plant response to drought stress (Davies and Manfield, 1983). 
The expression of numerous genes was induced in response to ABA (Bray et al., 1996; 
Espelund et al., 1995). Quatrano (1986) reported that ABA might be involved in regulating 
the expression of maturation proteins. Transcripts of LEA proteins as detected by RNA 
hybridization increased imder dehydration conditions in correlation with the increase in the 
endogenous ABA level (Curry et al., 1991). Baker et al. (1995) found that ABA maintained 
the expression of dehydrin in pea {Pisum sativum) seedlings after germination. The 
regulation of gene expression by ABA suggested that ABA might have a role in mediating 
drought tolerance in plants. The relationship between the ABA level in the seeds under 
drought stress and the expression of dehydrin proteins was not measured in this study and 
may be an important factor in the development of dehydrin expression in response to drought 
stress. 
Accumulation of Heat Soluble and Dehydrin-like Proteins in Mature Seeds from 
Drought Stress Treatments and its Relationship with Seed Germination and Vigor 
As previously reported (Samarah, 2000, herein), seeds from different sizes in the 
winter experiment were significantly different in seed germination. In addition, the full, 
round, large seeds from SS treatments had lower vigor (as estimated by the germination after 
AA) than the full, round, large seeds from GS and WW plants. In the field experiment, seeds 
retained above a 5.56 mm diameter round screen from non-irrigated plants had lower 
germination and vigor (as estimated by the germination after accelerated aging and cold 
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tests) than seeds from irrigated plants (Table 4.2). We measured accumulation of heat 
soluble proteins and dehydrin-like proteins in different sizes of mature seeds harvested from 
the drought stress treatments in the winter experiment and large, full, round seeds in the field 
experiment to determine the relationship of these proteins to seed germination and vigor. In 
both experiments, heat soluble proteins as detected by SDS-PAGE were not different among 
different sizes of mature seeds from the drought stress treatments (Figure 4.7 and 4.8). 
Western blot analysis indicated that mature soybean seeds from different treatments in both 
experiments had three dehydrin-like proteins of 34, 32, and 28 kDa MW (Figure 4.9 and 
4.10). In both experiments, the accumulation of the three dehydrin-like proteins was similar 
among different seed sizes from different drought stress treatments. Accumulations of heat 
soluble and dehydrin-like proteins in the mature seeds were not associated with seed 
germination and vigor (Figure 4.7 to 4.10). Similarly, Bettey and Finch-Savage (1998) foimd 
that accumulation of a 40- kDa dehydrin was not correlated with cabbage seed vigor while a 
23- kDa dehydrin was negatively correlated with seed vigor. Wechsberg et al. (1994) also 
indicated that accumulation of dehydrin-like proteins was not related to seed longevity of 
Ranunculus sceleratus L. In our experiments, the reductions in seed germination and vigor 
among drought stressed seed of different sizes were not due to lack of expression of 
dehydrin-like proteins, and could be due to several interacting factors. Blackman et al. 
(1991) reported that acquisition of desiccation tolerance in soybean seeds was not achieved 
by the accumulation of heat soluble proteins alone, but heat soluble proteins and soluble 
sugars contributed to the tolerance. 
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Total Soluble and Dehydrin-Uke Proteins in Full Rounded and Shriveled Soybean Seeds 
The accumulation of total soluble proteins, heat soluble proteins, and dehydrin-like 
proteins in the mature, large, full, rounded seeds and small, shriveled seeds obtained from 
drought-stressed plants in the summer experiment was determined to fiirther verify the 
relationship of these proteins with seed germination (Figure 4.11 to 4.13). Total soluble 
proteins fractionated by SDS PAGE indicated that the protein bands with MW weight 48, 76, 
85 kDa MW, which may correspond to the p, a, a' subunits of P- conglycinin (the 7S storage 
protein), were different among the shriveled seeds and the full, rounded seeds in all 
treatments (Figure 4.11). The SDS PAGE of total soluble proteins indicated that the 
shriveled seeds from all treatments had two proteins of 48 and 44 kDa MW (varied P-subunit 
of 7 S protein) compared with one protein of 48 kDa MW in the full rounded seeds. 
Honeycutt et al. (1989) studied protein accumulation in soybean shriveled-seed mutant 
genotype 328-1 using SDS PAGE. The severe shriveled seeds from the mutant genotype 
328-1 had a reduction in a polypeptide of 48 kDa MW compared with the normal seeds from 
the parents and mutant genotype (Honeycutt et al., 1989). This polypeptide was identified to 
be the P-subunit of P-conglycinin (the 7S storage protein). Electroblotting the proteins from 
SDS PAGE onto a nifrocellulose membrane and probing the proteins with concanavalin A 
(binds to the sugar moieties of 7S storage proteins) showed the position of the glycosylated 
sununits of 7S storage proteins (Honeycutt et al., 1989). The results from the electrobotted 
and probed (with concanavalin A) polypeptides from the severe shriveled seeds of the mutant 
genotype and normal seeds of the parents indicated that a degradation of P-subunit of the 7S 
storage proteins might occur in the severe shriveled seeds from the mutant genotype 
(Honeycutt et al., 1989). The protein profile in our experiment indicated that two proteins of 
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48 and 44 kDa were detected in the shriveled seeds of soybean compared with full rounded 
seeds in a similar pattem as observed by Honeycutt et al. (1989). The a' and a subunits of 
the 7S storage protein (85 and 76 kDa MW, respectively) in our experiment were less 
abundant in the severe shriveled seeds compared with the full rounded seeds in all treatments 
(Figure 4.11), which was in contrast to finding of Honeycutt et al. (1989), who reported that 
the a' and a subunits of the 7S storage protein were expressed similarly in both severe 
shriveled and normal seeds. SDS PAGE of heat soluble proteins indicated that the 
abundance of 85, 76, 72, 40, and 39 kDa MW proteins was less detected in the shriveled 
seeds compared with the full rounded seeds (Figure 4.12). Drought stress treatments reduced 
the abundance of the heat soluble protein of 14 kDa MW as detected by SDS PAGE in the 
shriveled and full rounded seeds compared with the WW treatment (Figure 4.12). Western 
blots analysis indicated that the dehydrin-like proteins accimiulated similarly in the full 
rounded and shriveled seeds from all treatments (Figure 4.13). These results indicated that 
seed shriveling was not due to a lack of dehydrin expression in the mature seeds, and might 
be due to the modification in the 7 S storage protein and other proteins. 
The relationship of dehydrin-like protein accimiulation in full rounded and shriveled 
soybean seeds to their germination was determined. Germination percentages of shriveled 
and rounded soybean seeds were 95 and 10 in WW treatment, 90 and 13 in GS treatment, and 
70.5 and 15 in SS treatment, respectively. The similar accumulation pattem of dehydrin-like 
proteins in the fiill rounded and shriveled seeds, which were different in standard 
germination, supports the conclusion that the level of dehydrin-like proteins in the mature 
seeds was not responsible for seed germination differences between fully mature rounded 
seeds and small, shriveled seeds. 
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Accumulation of Soluble Sugars in Large Soybean Seeds and its Relationship with the 
Germination after Accelerated Aging 
Although the large seeds from SS, GS, and WW plants in the winter experiment had 
almost 100% standard germination, the SS treatment reduced the vigor of large seeds (as 
estimated by the germination after AA, a seed quality test that predicts storability) compared 
with GS and WW treatments (Figure 4.14a). The reduction in the germination after AA for 
the large seeds from SS plants compared with the large seeds from GS and WW plants was 
not explained by the accumulation of dehydrin-like proteins in the mature seeds. However, 
the loss of soybean viability in large seeds from SS plants after accelerated aging in the 
winter experiment might be due to the decline in soluble sugars (Yaklich, 1985) and may be 
related to seed storability (Delouche et al., 1967). Therefore, we determined the relationship 
between the concentration of soluble sugars such as sucrose, stachyose, and rafBnose in large 
seeds from SS, GS, and WW plants and their germination after AA (Figure 4.14a,b,c,d). 
Drought stress treatments (SS and GS) significantly reduced sucrose concentration in large 
seeds compared with large seeds from WW plants. Although the concentrations of stachyose 
and raffinose in large seeds from GS and SS plants were lower than in the large seeds from 
WW plants, the differences were not statistically significant. The decrease in concentration 
of soluble sugars in large, mature seeds under drought stress coincided with the decrease in 
germination after AA test (Figure 4.14). These results indicated that large seeds in well-
watered plants generally had higher concentration of soluble sugars than did seeds from 
drought stressed plants. This difference may help explain the loss in germination in the AA 
test of drought stress seeds. Other researchers also reported that accumulation of soluble 
sugars in seeds was essential for seed desiccation tolerance and storability (Obendorf et al.. 
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1998; Lin and Huang, 1994; Crowe et al., 1996; Crowe et al., 1984; Santarius, 1973; Crowe 
and Crowe, 1992) and their loss during storability coincided with the loss in seed 
germination (Ovcharov and Koshelev, 1974; Yaklich, 1985). The soluble sugar levels in 
mature soybean seeds produced under drought stress might determine seed vigor as estimated 
by the accelerated aging test. However, the results in our experiment did not prove this 
relationship and other physiological and biochemical changes in seeds grown under drought 
stress could be related with the change in seed viability during the accelerated aging. The 
reduction in the germination during AA might be due to other factors such as lipid 
peroxidation of the unsaturated fatty acids in membranes and the accumulation of free 
radicals (Parrish and Leopold, 1978; Senaratna et al., 1987; Khan et al., 1996). 
Summar>' and conclusions 
Drought stress treatments, regardless of the stress rate, changed the accumulation of 
heat soluble proteins in developing soybean seeds in both winter and field experiments. In 
the winter experiment (greenhouse experiment), dehydrin-like proteins were detected at 18 
days after R5 (Rs.g) in developing seeds from drought stress treatments (gradual and sudden 
stress), but these proteins were not detected in developing seeds from the well-watered 
plants, indicating that dehydrin-like proteins might be an important response of developing 
seeds to drought stress. In the field experiment, non-irrigated conditions did not induce 
dehydrin at earlier development stage compared with irrigation conditions. Dehydrin-like 
proteins in developing seeds from irrigated and non-irrigated plants were detected at 22 days 
after R5 and their accvunulation increased at 43 days (physiological maturity), indicating that 
dehydrin accumulation reached a maximum level at physiological maturity prior to seed 
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desiccation. Both gradual and sudden stress treatments in the winter and lack of irrigation in 
the field experiment fail to change the accumulation of dehydrin-like proteins in the mature 
seeds, regardless of final seed sizes. The reduction in seed germination of small seeds and 
vigor of large seeds from drought-stressed plants was not due to lack of dehydrin in the 
seeds. Drought stress increased the production of shriveled seeds compared with the well-
watered plants. Shriveled seeds from drought and well-watered plants, had poor 
germination, and showed a variation in p-conglycinin and other unidentified proteins. The 
reduction in vigor (AA-germination) of large, mature seeds produced imder drought stress 
coincided with the reduction of soluble sugars in the mature seeds. As stress rate increased 
(WW, GS, and SS treatments in order, respectively), the level of soluble sugars and seed 
vigor (AA-germination) for large seeds decreased, which suggested that the reduction in 
soluble sugars in drought stressed seeds might be responsible for lower seed vigor. 
In conclusion, the induction of dehydrin-like proteins in developing seeds from the 
drought stress treatments (SS and GS) suggests that dehydrin-like protein might be an 
important response of developing seeds to drought stress. Accumulation of dehydrin-like 
proteins in seeds increased as seeds matured, reaching maximum accumulation at 
physiological matiuity prior to seed desiccation. We found that the level of dehydrin-like 
proteins in mature soybean seeds grown under drought was not an indicator of seed 
performance, which suggests that the dehydrin level in mature seeds would not be a reliable 
tool to screen for better seed quaUty under drought stress. The reduction in soluble sugars in 
large, mature soybean seeds under drought stress coincided with the reduction in seed vigor 
(AA-germination). The reduction in soluble sugars under drought stress indicated that the 
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concentration of soluble sugars in seeds from drought stressed plants might be important 
factor in determining seed vigor. 
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Figure 4.1: Three-drought stress treatments imposed on soybean plants at beginning seed fill 
(Rs) in the sxmimer experiment. WW: plants were maintained at 80% field capacity (FC) 
after R5. GS: the soil moisture content was dropped gradually in 7 days after R5 from 80% to 
20% FC; then, maintained at 20% FC for 10 days. SS: plants were maintained at 80% FC 
for 7 days from R5; then, soil moisture content was allowed to drop suddenly in one day to 
20% FC and maintained for 13 days. In the winter experiment, treatments were imposed in 
similar way to the summer experiment, except that plants from the SS and GS treatments 
were exposed to severe stress for 16 and 13 days in the winter experiment instead of 13 and 
10 days in summer, respectively. 
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Table 4.1: Days after R5 and reproductive stages for sampling of developing soybean seeds 
in the winter and field experiments. 
Experiment Sample Days after Reproductive Stage t 






























5 mm long seeds 
7 mm long seeds 
8 mm long seeds 
11 mm long seeds (seeds did not 
fill pod cavity) 
3 mm long seeds (beginning 
seed) 
7 mm long seeds 
10 nmi long seeds 
Full pods (seeds filled pod 
cavity) 
Yellow pods (seeds reached 
maximum dry weight) 
t Reproductive stages described according to Fehr and Caviness (1977). 












Days After R5 
Development Stage 
Figure 4.2: SDS PAGE of heat soluble proteins for developing seeds from soybean plants 
exposed to three-drought stress treatments at begirming seed fill (R5) in the winter 
experiment. WW: well-watered treatment; GS: gradual stress treatment imposed prior to 
severe drought stress; SS: sudden severe stress treatment. Equal weight of protein (7 jag) was 
loaded per lane. Developing seeds were sampled at day 2 (R5.2), 4 (R5.4), day 10 (R5 6) and 18 
(R5 g) after the stress treatments were imposed at beginning seed fill (R5). The lane on the 
left side indicates the molecular weights (MW) of standard proteins (SP). The lane on the 
right is used to specify MW of proteins indicated by arrows. 
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Figure 4.3: Western blot of the heat soluble proteins immunologically reacting with 
dehydrin antibody for developing seeds from soybean plants exposed to three-drought stress 
treatments at beginning seed fill (Rs) in the winter experiment. WW: well-watered treatment; 
GS: gradual stress treatments imposed prior to severe drought stress; SS: sudden severe stress 
treatment. Equal weight of protein (7 ng) was loaded per lane. The developing seeds were 
sampled at day 2 (R5.2), 4 (R5 4), day 10 (R5.6) and 18 (Rs.g) after the stress treatments were 
imposed at beginning seed fill (Rs). The lane on the left side indicates molecular weights 
(MW) of standard proteins (SP). The lane on the right is used to specify MW of proteins 
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Figure 4.4: SDS PAGE of heat soluble proteins for developing seeds from soybean plants 
exposed to irrigated and non-irrigated conditions at beginning seed fill (R5) in the field 
experiment. I: irrigated condition; NI: non-irrigated (rainfed) condition. Equal weight of 
protein (7 |ig) was loaded per lane. The developing seeds were sampled at 0 (R5), 5 (R5 2), 15 
(R5 7), 22 (R6), 43 days (physiological maturity [PM]) after the stress treatments were 
imposed at beginning seed fill (R5). The lane on the left side indicates the molecular weights 
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Figure 4.5: Western blot of heat soluble proteins immunologically reacting with dehydrin 
antibody for developing seeds from soybean plants exposed to irrigated and non-irrigated 
conditions at beginning seed fill (Rs) in the field experiment. I: irrigated condition; NI: non-
irrigated (rainfed) condition. Equal weight of protein (7 ng) was loaded per lane. The 
developing seeds were sampled at 0 (Rs), 5 (R5.2), 15 (R5.7), 22 (R6), 43 days (physiological 
maturity [PM]) after the stress treatments were imposed at beginning seed fill (Rs). The lane 
on the left side indicates the molecular weights (MW) of standard proteins (SP). The lane on 
the right is used to specify MW of proteins indicated by arrows. 
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Figure 4.6: Dry weight (DW) and moisture content (MC) of developing soybean seeds 
harvested from soybean plants exposed to drought stress treatments at beginning seed fill 
(Rs) in the winter and the field experiments, a) Seed dry weight (mg) and moisture content 
(% based on wet weight) of developing soybean seeds from plants exposed to well-watered 
(WW), gradual stress (GS), and sudden stress (SS) treatments in the winter experiment, b) 
Seed dry weight (mg) and moisture content (% based on wet weight) of developing seeds 
from plants grown under irrigated (I) and non-irrigated (NI) conditions in the field. Means ± 
standard error (n= 3-4). 
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Table 4.2: Standard germination, germination after cold test, germination after accelerated 
aging test, and electrical conductivity of seed leachates of soybean seeds retained above a 
5.56 mm diameter round screen harvested fi-om soybean plants exposed to irrigated and non-
irrigated conditions at beginning seed fill (R5) in the field experiment. 
Treatments SDTG j Cold § AA t EC # 
Irrigation 97.75 92.75 91.50 1.20 
Non-irrigation 77.75 79.00 69.25 1.55 
LSDt 19.05 14.84 17.74 0.38 
i SDTG: seed standard germination. 
§ Cold: germination after cold test. 
^ AA: germination after accelerated aging test. 
# EC: electrical conductivity of seed leachate 
t LSD: Fisher's least significantly difference at probability (p<0.05) to con^are treatment means. 
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Figure 4.7: SDS PAGE of heat soluble proteins for three size categories of mature seeds 
from soybean plants exposed to three-drought stress treatments at beginning seed fill (R5) in 
the winter experiment. WW: well-watered treatment; GS; gradual stress treatment imposed 
prior to severe drought stress; SS: sudden severe stress treatment. L: large seeds; M: medium 
seeds; S; small seeds. Equal weight of protein (7 fig) was loaded per lane. The lane on the 
left side indicates the molecular weights (MW) of standard proteins (SP). 
149 
MW SP 
Treatments I NI 
Figure 4.8: SDS PAGE of heat soluble proteins for seeds retained above a 5.56 mm diameter 
round screen harvested from soybean plants exposed to irrigated and non-irrigated conditions 
at beginning seed fill (R5) in the field experiment. I: irrigated condition; NI: non-irrigated 
(rainfed) condition. Equal weight of protein (7 fig) was loaded per lane. The lane on the left 
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Figure 4.9: Western blot of the heat soluble proteins immunologically reacting with 
dehydrin antibody for three size categories of mature seeds from soybean plants exposed to 
three-drought stress treatments at beginning seed fill (R5) in the winter experiment. WW: 
well-water treatment; GS: gradual stress treatment imposed prior to severe drought stress; 
SS: sudden severe stress treatment. L: large seeds; M: medium seeds; S: small seeds. Equal 
weight of protein (7 |ig) was loaded per lane. The lane on the left side indicates the 
molecular weights (MW) of standard proteins (SP). The lane on the right is used to specify 
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Figure 4.10: Western blot of the heat soluble proteins immunologically reacting with 
dehydrin antibody for seeds retained above a 5.56 mm diameter round screen harvested from 
soybean plants exposed to irrigated and non-irrigated conditions at beginning seed fill (Rs) in 
the field experiment. 1: irrigated condition; NI: non-irrigated (rainfed) condition. Equal 
weight of protein (7 ng) was loaded per lane. The lane on the left side indicates the 
molecular weights (MW) standard proteins (SP). The lane on the right is used to specify 
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Figure 4.11: SDS PAGE of total soluble proteins for large rounded and small shriveled 
mature seeds from soybean plants exposed to three-drought stress treatments at beginning 
seed fill (Rs) in the summer experiment. R; large rounded seeds; S; small shriveled seeds. 
WW: well-watered treatment; GS: gradual stress treatment imposed prior to severe drought 
stress; SS: sudden severe stress treatment. The lane on the left side indicates the molecular 
weights (MW) of standard proteins (SP). The lane on the right is used to specify MW of 
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Figure 4.12: SDS PAGE of heat soluble proteins for large rounded and small shriveled 
mature seeds from soybean plants exposed to three-drought stress treatments at beginning 
seed fill (R5) in the simimer experiment. R: large rounded seeds; S: small shriveled seeds. 
WW: well-watered treatment; GS: gradual stress treatment imposed prior to severe drought 
stress; SS: sudden sever stress treatment. The lane on the left side indicates the molecular 
weights (MW) of standard proteins (SP). The lane on the right is used to specify MW of 
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Treatments WW GS SS 
Figure 4.13: Western blot of heat soluble proteins immunologically reacting with dehydrin 
antibody for large rounded and small shriveled mature seeds from soybean plants exposed to 
three-drought stress treatments at beginning seed fill (R5) in the summer experiment. R: 
large rounded seeds; S: small shriveled seeds. WW: well-watered treatment; GS: gradual 
stress treatment imposed prior to severe drought stress; SS: sudden sever stress treatment. 
The lane on the left side indicates the molecular weights (MW) of standard proteins (SP). 
The lane on the right is used to specify MW of proteins indicated by arrows. 
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WW GS SS 
Treatments 
Figure 4.14: Seed quality and concentration of soluble sugars for large seeds 
from well-watered (WW), gradually stressed (GS) and sudenly stressed soybean 
plants (SS) in the winter experiment, a) Perecentage of germination in standard 
germination test (STDG) and accelerated aging test (AA). b) Concentration of 
sucrose, c) Concentration of stachyose. d) Concentration of rafSnose. FW: fresh 
weight of seeds. Means ± standard error (n= 4). 
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CHAPTER 5. SIZE DISTRIBUTION AND MINERAL NUTRIENTS 
OF SOYBEAN SEEDS IN RESPONSE TO DROUGHT STRESS 
A paper to be submitted to Crop Science 
N. Samarah, R. Mullen, and S. Sianzo 
Abstract 
Accimiulation of mineral nutrients in soybean seeds grown under drought stress may 
have a role in drought tolerance. Because drought stress reduces dry matter accumulation 
and seed size, drought stress may increase the concentration of nutrients in soybean seeds 
and may decrease the content of mineral nutrient per seed. Whether the increase in nutrient 
concentration in soybean seeds from drought stressed plants is a stress response or growth 
inhibition response needs to be determined to understand role of mineral nutrients in seeds 
from drought stressed plants. Our objective was to study the effect of drought on seed size 
distribution and whether different drought stress patterns increased mineral nutrient 
concentration in soybean seeds similar in size. Two experiments were conducted, one in the 
greenhouse (winter experiment) and one in the field (field experiment). In the winter 
experiment, three-drought stress treatments were imposed on soybean plants at beginning 
seed fill (Rs) for 23 to 26 days: well-watered (WW), sudden severe stress (SS) (suddenly 
stressed without drought pre-conditioning), and gradual stress (GS) (drought pre-conditioned 
by exposing the plants to gradual reductions in soil moisture content for 7 days) imposed 
prior to severe stress. In the field experiment, irrigation and non-irrigation (rainfed) 
conditions were imposed on soybean plants at R5 for the entire seed filling period. In both 
experiments, seed size was normally distributed. In the winter experiment, drought-stress 
treatments shifted the normal seed size distribution curve toward small seeds compared with 
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WW. In the field experiment, non-irrigated (rainfed) conditions did not afTect seed size 
distribution. In the winter experiment, 95.9%, 59.1%, 69.7% (by weight) of the seeds were 
large seeds (seeds retained above a 6.35 mm diameter round screen) for the plants from the 
WW, SS, and GS treatments, respectively. In the field experiment, large seeds represented 
86.9% and 79.3% of the seeds from the irrigated and non-irrigated conditions, respectively. 
In the winter experiment, medium seeds (seeds passed through a 6.35 mm and retained above 
5.56 mm diameter round screen) had higher concentration of P, K, and Cu on a dry weight 
basis than did large seeds. However, the content per seed of all nutrients were lower in 
medium seeds than in large seeds. In general, drought stress treatments increased 
concentrations of P, K, Ca, Mo, Mn, Cu, and Zn in seeds. However, the extent of this 
increase varied between the two experiments, which might be due to the differences in stress 
severity and stress timing between the two experiments. Within similar seed sizes, drought 
stress increased nutrient concentration and content above well-watered seeds, indicating that 
the increase in nutrient concentration in seeds from drought stressed plants is not necessary 
due to a reduction in dry matter accumulation. When drought stress reduced seed size, 
content of mineral nutrient per seed was lower in medium than in large seeds. Thus, drought 
stress and seed size should be considered when sampling seeds for nutrient analysis. 
Accumulation of mineral nutrient in seeds from drought stressed plants may be an important 
response to drought stress and needs fiirther study. 
Introduction 
Drought stress may affect accumulation of mineral elements in plant tissues by 
affecting root growth and nutrient mobility in soil and nutrient uptake. Kuchenbuch et al. 
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(1986) reported that a decrease in soil moisture decreased K difiRision in soil, root growth and 
K uptake by onion {Allium cepa L.) plants. As soil moisture content decreased, total plant 
growth, root length, and total P uptake by com (Zea mays L.) decreased (Mackay and Barber, 
1985). The decease in soil moisture content decreased P uptake by decreasing root growth 
rather than mean P influx (Mackay and Barber, 1985). Brown et al. (1960) reported that root 
and shoot growth and element concentration decreased in soybean plants by increasing soil 
moisture tension from 1/3 bar to 15 bars. Eck and Musick (1979) reported that drought stress 
reduced N and P concentration in sorghum {Sorghum bicolor L.) leaves. However, 
concentrations of NO3-N, Mg, Ca, and K in sorghum tissues were not affected by drought 
stress. They reported that drought stress increased N concentration in sorghum stalks and 
panicles. Because drought stress reduces total dry matter accumulation and nutrient uptake 
by plants (Eck and Musick, 1979), the final concentration of nutrients in plant tissue grown 
under drought stress will depend upon the relative reduction in nutrient uptake relative to the 
reduction in dry matter accumulation. 
Drought stress during seed fill might reduce seed size and weight, depending upon the 
stress time, duration, and severity. Severe drought stress imposed on soybean plants from 
beginning seed fill (R5) to seed maturity (Rg) reduced individual seed weight from 210 mg to 
182 mg in one greenhouse experiment and from 200 mg to 172 mg in another experiment 
(Dombos and Mullen, 1989). Vieira et al. (1991) reported that drought stress imposed at R5 
resulted in a reduction in individual seed weight from 144 to 96 mg per seed. However, 
Smiciklas et al. (1992) reported that drought stress imposed on soybean plants from R5 to 
slightly reduced seed weight (from 164 to 155 mg), which was not significantly different 
from seeds from WW plants. Ney et al. (1994) reported that drought stress imposed before 
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the linear phase of seed fill lowered seed number but plants filled the remaining seeds to 
large size. When stress was imposed after the linear filling phase, seed number was 
maintained by remobilization of reserves (Ney et. al., 1994). When reserves were exhausted 
under long-term stress, seed size decreased as a result of shortening the seed filling period 
(Ney et al., 1994). 
Sale and Campbell (1980) reported that nutrients were different in their pattern of 
translocation to growing soybean seeds. There was an increase in nutrient accumulation 
during the early seed filling period, but nutrients accumulated at a slower rate during the late 
seed filling period (Sale and Campbell, 1980). In general, 80% of final nutrient content had 
been transferred to the growing seeds by the beginning of leaf senescence; however, a 
variation in percentage of final nutrient content was observed among nutrients (Sale and 
Campbell, 1980). Seeds had almost 90% of their Fe by the beginning of leaf senescence, but 
only 76% of their Ca (Sale and Campbell, 1980). Although nutrient accumulation increased 
in developing soybean seeds, their concentration on a dry weight basis decreased due to a 
growth dilution effect (Sale and Campbell, 1980; Batchelor and et al., 1984). These results 
are in agreement with Eck and Musick (1979), who observed that the concentration of N was 
higher in panicles of water-stressed sorghum than those of well-watered sorghum. Eck and 
Musick (1979) explained the increase in N concentration in panicles of water-stressed 
sorghum was due to the reduction in dry matter accumulation under water stress, which 
resulted in less dilution of accumulated N. Because drought stress may decrease the 
accumulation of dry matter in developing seeds, the final concentration of nutrients in seeds 
harvested fi-om plants exposed to drought stress may differ fi"om seeds harvested fi-om well-
watered plants. 
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Nutrient accumulation in plants under drought stress may have a role in drought 
tolerance. Tanguilig et al. (1987) reported that the uptake of P and K by the roots and shoots 
of soybean plants was not affected by drought stress for 12 and 15 days, respectively. They 
reported that the ability of soybeans to grow better than rice {Oryza sativa L.) under drought 
stress might be because soybeans maintain their turgidity under drought by lowering the 
transpiration rate but maintaining uptake of nutrients, especially K, which is an important 
regulatory nutrient involved in osmotic adjustment. The concentration of Ca, Mg, and P was 
higher in leaf cell sap of a drought-tolerant sorghimi line (K866) than a drought-susceptible 
line (CSS 541) (Premachandra et al., 1995). The concentration of Ca and Mg in the leaf cell 
sap of the two sorghum lines increased in parallel as leaf water potential decreased 
(Premachandra et al., 1995). The concentration of the P, K, and CI, the major mineral 
contributors to osmotic adjustment, increased in the K866 line as leaf water potential 
decreased, but P, K, and CI remained constant in CS3541 line (Premachandra et al., 1995). 
Little information is available about the effect of drought stress treatment during seed 
fill on the concentration of nutrients in mature soybean seeds and whether the increase in 
mineral nutrient concentration in seeds from drought stressed plants is independent of the 
reduction in seed size and weight (dry matter accumulation). An independent increase in 
mineral nutrients in seeds from drought stressed plants may be an important response in 
drought tolerance and not simply due to reduction in dry matter accumulation and seed size 
under drought stress. The objective of this experiment was to study whether drought stress 
imposed on soybean plants during seed filling period would affect seed size distribution and 
whether the stress increased nutrient concentration and content in mature soybean seeds 
similar in seed size. 
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Materials and Methods 
Two experiments were initiated: one in the greenhouse at Ames, Iowa and one in the 
field in Puerto Rico. The greenhouse experiment was initiated October 10 and terminated 
March 10 (winter experiment). In the winter experiment, four soybean seeds of 
semideterminate cultivar "Harosoy" were planted in 3.8 L plastic pots containing a mixture 
of soil, silica sand, peat, and perlite in a volume ratio of 2:2:1:1. The water content of the 
soil at field capacity was determined for the soil mixture as described by Samarah (2000, 
herein). Seedlings were thinned to two seedlings per pot after three weeks. Plants were 
debranched during vegetative growth and watered to field capacity until the beginning of 
seed fill (Rs) (Fehr and Caviness, 1977). At R5, plants were exposed to three-drought stress 
treatments: well-watered (WW) (control), sudden severe stress (SS) (suddenly stressed 
without drought pre-conditioning), and gradual stress (GS) (drought pre-conditioned by 
exposing the plants to gradual reductions in soil moisture for 7 days) imposed prior to severe 
stress (Figure 5.1). In the WW treatment, plants were irrigated to 80% field capacity (FC) 
fi-om Rs to seed maturity (Rg). In the SS treatment, plants were irrigated to 80% FC for 7 
days after R5, then, soil moisture was allowed to suddenly drop within one day to 20% FC. 
The soil was then maintained at 20% FC for 16 days. In the GS treatment, soil moisture 
content was gradually dropped firom 80% FC at R5 to 20% FC in 7 days. The soil moisture 
content was then maintained at 20% FC for 13 days. The difference between the SS and GS 
treatments in the duration of the severe drought (16 versus 13) was designed to equalize the 
total water consumption of plants between the two treatments during the first seven days after 
Rs and was based on water consumption patterns of treatment plants. After the severe stress 
period, the plants in the SS and GS treatments were re-watered to 80% FC until Rg. In the 
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field experiment, five, three-meter long rows of soybean seeds of "Harosoy" cultivar were 
planted in Puerto Rico. The plants were irrigated until R5. At R5, the plants were exposed to 
two treatments: irrigated conditions or non-irrigated conditions (rainfed) fi^om R5 to Rg. In 
both experiments, seeds were harvested at maturity and stored until used. 
Mature seeds in both experiments were sized using hand screens. In both 
experiments, the seeds were separated into several sizes using a 3.97 x 19.05 mm (width x 
length) oblong screen. Seeds retained above a 3.97 x 19.05 mm (width x length) oblong 
screen were classified as lot A. Seeds that passed through a 3.97 x 19.05 mm (width x 
length) oblong screen were classified as lot B. Seeds in lot A were separated into several 
sizes using 7.54, 7.14, 6.75, 6.35, 5.95, 5.56, 5.16, and 4.76 mm diameter round screens. The 
weight of the seeds retained above the later mentioned round screens were recorded and 
represented as a percentage (by weight) of the total seed weight harvested. The seeds retained 
above a 6.35 mm diameter roimd screen were classified as large seeds. The seeds passing a 
6.35 mm diameter round screen and retained above a 5.56 mm diameter round screen were 
classified as medium seeds. Seeds that passed through a 5.56 mm diameter round screen 
were recombined with the seeds in lot B (seeds that passed through a 3.97 x 19.05 [width x 
length] oblong screen) and classified as small seeds. The percentage (by weight) of large, 
medium, and small seeds based on the total seed weight harvested was calculated. Weights 
of 100 seeds for large, medium, and small seeds were measured. 
Mineral nutrient concentrations for P, K, S, Ca, Fe, Mo, Mn, Cu, Na, and B were 
determined for mature seeds in both experiments. In the winter experiment, mineral nutrient 
concentrations were determined for the large (seeds that retained above a 6.35 mm diameter 
round screen) and medium (seeds passed through 6.35 nun and retained above 5.56 mm 
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diameter round screens) seeds. Because seed size did not significantly differ among irrigated 
and non-irrigated conditions in the field experiment, mineral nutrient concentrations were 
determined for seeds retained above a 5.56 mm diameter round screen. In both experiments, 
5 grams of seeds were randomly sampled, dried in a forced-air oven at 67°C for 72 hours, 
and ground through a 0.42 mm width mesh screen in a Wiley mill (Arthur H. Thomas 
Company, PA). Total N was determined using a modified microKjeldahl digestion 
procedure (Nelson and Sommers, 1980; Jones, 1991), in conjunction with an nitroprusside-
salicylate assay (Wall et al., 1975) using flow injection analysis (Smith and Scott, 1990). 
Nutrient concentrations were measured using inductive coupled argon plasma emission 
techniques (Munter and Grande, 1981; Jones, 1977) following dry ashing at 490°C and 
digesting in aqua-regia. The measuring instrument was a thermo jarrell-AshlCP/IRIS model 
with a charged injection device (CID) (Epperson et al., 1988). 
In both experiments, a randomized complete block design with four repUcations was 
used. In the winter experiment, 120 plants (3 treatments x 4 replications x 5 pots per 
replication x two de-branched plants per pot) were used. In the field experiment, five three-
meter long rows were planted per replication (200 seeds per replication). Data was analyzed 
using Analysis of Variance (ANOVA) and considered significant at a probability (p<0.05) 
level. The difference between means was compared using Fisher's Least Significant 
Difference at a probability (p<0.05) level (LSD=0.05). 
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Results and Discussion 
Percentage (by Weight) of Seeds of Different Sizes 
Percentage (by weight) of the various seed sizes was calculated in the winter and field 
experiments (Figure 5.2a,b). In both experiments, seed size separation generally followed a 
normal distribution curve. In the winter experiment, the nomial distribution curve for seeds 
from the WW treatment was narrow and shifted toward the large seed sizes. The normal 
distribution curves for seeds from SS and GS treatments were wider and shifted toward 
smaller seeds (Figure 5.2a). A similar trend was observed in the field experiment, but the 
effect of non-irrigated conditions on seed size distribution was less pronounced in the field 
experiment than the effect of GS and SS on seed size distribution in the winter experiment 
(Figure 5.2b). 
In the winter experiment, drought stress treatments significantly decreased large seed 
sizes and significantly increased the percentage (by weight) of medium and small seed sizes 
compared with the WW treatment (Figure 5.3a). These results were in agreement with 
several researchers (Yaklich, 1984; Dombos and Mullen, 1989; Vieira, 1991), who reported 
that drought stress during soybean seed fill reduced soybean seed size. But, seed lots 
produced under SS and GS treatments were not significantly different in the percentages of 
the medium or small seeds. In the field experiment, non-irrigated conditions did not affect 
seed size distribution (Figure 5.3b). 
Drought stress during seed fill increased production of medium and small seeds in the 
winter experiment, but not in the field experiment, which could be due to the difference 
between the two experiments in time and severity of drought stress and their effects on 
duration of the seed fill period. In the winter experiment, drought stress reduced seed yield 
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(Table 5.1) and increased the production of medium and small seeds. Although non-irrigated 
conditions (rainfed) reduced yield by 54% compared with irrigated conditions in the field 
experiment (Table 5.1), non-irrigated conditions had no effect on seed size. This reduction in 
seed yield but not size in the field experiment indicates that drought stress occurred early in 
the seed filling period, resulting in reduction in seed number and yield, but rainfall during the 
remaining filling period resulted in filling the remaining seed to large size. This effect was 
observed with pea {Pisum sativum L.) when stress was imposed before linear seed fill, which 
lowered seed yield due to the reduction in seed number but did not affect seed size (Ney et 
al., 1994). When the stress was imposed after the linear filling phase, seed number was 
maintained by remobilization of reserves, but remaining seeds were smaller (Ney et al., 
1994). Non-irrigated conditions did not affect seed filling duration in the field experiment, 
whereas drought stress conditions (SS and GS) reduced the seed filling period in the winter 
experiment (data not shown). The shorter seed filling period in the winter experiment 
increased the production of medium and small seeds. These results support Ney et al. (1994) 
work with peas that under long-term stress where the reserves were exhausted, a decrease in 
seed size can be expected as a result of a reduction in the duration of seed filling. 
Seeds were screened into sizes to obtain seeds uniform in size and weight to study 
whether drought stress increased nutrient concentration in seeds within similar size and 
weight. The 100-seed weight for different seed sizes in both experiments is shown in Figure 
5.4a,b. In both experiments, large seeds had a higher 100-seed weight than mediimi and 
small seeds in all treatments (Figure 5.4a,b). The 100-seed weight for medium seeds was 
also higher than for small seeds. However, drought stress treatments did not change 100-
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seed weight within seed sizes in both experiments, which indicated that seed screening 
resulted in seeds uniform in weight and density within size. 
Mineral Nutrient Concentrations 
Because drought stress reduced seed size in the winter experiment, the concentration 
of mineral nutrients was measured in large and medium seeds to study whether drought stress 
increased the concentration of mineral nutrients in seeds of similar size (Table 5.2). Drought 
stress treatments (SS and GS) increased concentrations of P and Mo in the large seeds 
compared with the large seeds from WW plants. The SS treatment increased the 
concentration of K in the large and small seeds compared with the large and small seeds from 
the WW plants, respectively. Seed concentrations of N, S, Fe, Mn, and Na did not vary 
among treatments or seed sizes and averaged 4.9%, 1.79 mg/g, 99.73, 60, 22.14 ^g/g, 
respectively. Averaged over seed sized, seeds from SS and GS plants had higher 
concentrations of P, K, Mo, and B than seeds from WW plants, but the seeds from SS and GS 
plants were not significantly different in concentrations of P, K, Mo, and B. 
The concentration of mineral nutrients in large versus mediimi seeds was compared in 
the winter experiment to study whether the nutrient concentration in seeds was increased by 
reducing seed size and weight (Table 5.2). Averaged over treatments, the medium seeds had 
higher concentrations of P, K, and Cu than large seeds, but medium seeds had lower Ca 
concentration than large seeds. The increased concentrations of P, K, and Cu in medium 
seeds compared with large seeds might be due to less dilution of seed growth in the medium 
seeds or to other factors regulating the uptake of these elements in relation to the 
accumulation of dry matter. 
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Non-irrigated conditions in the field did not affect seed size and weight. Thus, 
concentration of mineral nutrients was measured for seeds retained above a 5.56 mm 
diameter round screen to determine whether non-irrigated conditions in the field increased 
nutrient concentration in seed of similar size and weight (Table 5.3). Seed concentration of 
N, K, S, Mg, Fe, Na, and B did not vary among treatments and averaged 5.44%, 16.84, 1.79, 
2.23 mg/g, 80.75, 157.63, and 25.87 |ig/g, respectively. The non-irrigated conditions 
(rainfed) significantly increased seed concentrations of P, Ca, Mo, Mn, Cu, and Zn compared 
with seeds fi-om irrigated plants. The increase in P and Mo in response to non-irrigated 
conditions agreed with the results of drought stressed seed in the winter experiment. The 
increase in Ca, Mn, and Cu in response to non-iirigated conditions was significant in the field 
experiment; however, Ca, Mn, and Zn did not change in response to the drought stress 
treatments (SS and GS) in the winter experiment. The increase in Ca concentration in 
response to non-irrigated conditions was in contrast to the findings of Smiciklas and Mullen 
(1989), who reported that Ca concentration was significantly reduced in mature soybean 
seeds fi-om plants stressed fi-om Rs to fiill seed (R^)- However, the increase in Ca 
concentration in mature seeds produced under non-irrigated conditions was in agreement 
with Batchelor et al. (1984), who reported that non-irrigated conditions during the whole 
growing season increased the concentration of Ca in soybean pods sampled at the beginning 
of seed maturity (R?) compared with irrigated plants. The inconsistency of results between 
the winter and field experiment, Smiciklas and Mullen (1989), and Batchelor (1984) work 
suggest that seed nutrient concentration could be highly responsive to timing, duration, and 
severity of drought stress. 
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Nutrient accumulation in seeds under drought stress may have a role in drought 
tolerance. Tanguilig et al. (1987) reported that the ability of soybeans to grow better than 
rice {Oryza sativa L.) under drought stress might be because soybeans maintain their 
turgidity under drought by lowering the transpiration rate and maintaining uptake of 
nutrients, especially K, which is an important regulatory nutrient involved in osmotic 
adjustment. The concentration of Ca, Mg, and P was higher in leaf cell sap of a drought-
tolerant sorghum line (K866) than a drought-susceptible line (CS3541) (Premachandra et al., 
1995). P, K, and CI were major mineral contributors to osmotic adjustment imder drought. 
Salisbury and Ross (1992) reported that Mo was a cofactor in the nitrogenase enzyme 
(involved in nitrogen fixation in nodules of legume plants) and nitrate reductase enzyme 
(involved in nitrogen assimilation in plants), indicating that Mo was an essential nutrient in 
nitrogen assimilation and metabolism. Drought stress has been reported to inhibit N2-
fixation and decrease nitrogen accumulation in the shoot (Purcell and King 1996; Serraj et 
al., 1999); however, our results indicated that the concentration of nitrogen in seeds was not 
affected by drought stress. Because Mo is an essential nutrient in nitrogen assimilation and 
metabolism, the uptake and translocation of Mo to seeds from drought stressed plants might 
play a role in assimilation and translocation of nitrogen to the seeds. Researchers indicated 
that application of Mo increased total nitrogen in the shoot (Burmester et al., 1988; Vieira et 
al., 1998) and translocation of nitrogen to the seeds (Vieira et al., 1998). In general, we 
found that drought stress treatments increased seed concentrations of P, K, Ca, Mo, Zn, and 
Cu compared with the well-watered treatment for seeds similar in size and weight, indicating 
that the increase in mineral concentration under drought stress was not due to the reduction in 
dry matter accumulation. The increase in concentration of P in mature soybean seeds was in 
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agreement with (Raboy and Dickinson, 1987), who reported that water stress during 
development increased the supply of inorganic P to the developing seeds. Also, Williams 
(1970) reported that water stress enhanced the formation of the inorganic P reserve (phytic 
acid) in wheat seeds. Our results and those of others suggest that mineral nutrients were 
influenced by drought stress in soybean and other crops. The changing concentrations of 
nutrients in soybean seeds of similar size and weight from drought stressed plants observed 
in this study suggest that nutrient concentration changes may be an important drought stress 
response and needs further study. 
The content of mineral nutrients per seed was calculated in the winter and field 
experiments (Table 5.4 and 5.5). In the winter experiment, as seed size increased, the content 
of all mineral nutrients increased. The content of mineral nutrients in seeds averaged over 
sizes was not significantly different among WW, SS, and GS treatments (Table 5.4). In 
contrast, the non-irrigated conditions (rainfed) increased the content of Ca, Mo, Mn, Cu, and 
Zn in seeds retained above a 5.56 mm diameter round screen compared with the seeds from 
the irrigated conditions in the field experiment (Table 5.5). These results might be due to the 
differences in drought stress treatments applied between the greenhouse and field 
experiments or to the differences in physiological adjustments of field-grown plants versus 
greenhouse-grown plants. 
The extent of the increases in concentrations of P, K, Ca, Mo, Mn, Cu, and Zn in 
matiure seeds from drought stress treatments compared with the WW treatment was varied 
between the two experiments (Table 5.2 and 5.3), which might be due to differences between 
the two experiments stress severity and stress time. In both experiments, yield was reduced 
by 43-54% (Table 5.1), which indicated that the plants were exposed to drought stress. A 
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severe drought stress (20% of field capacity) was imposed on plants during day 7 to 26 after 
Rs in the winter experiment, whereas the non-irrigated (rainfed) condition was imposed 
during the entire seed filling period. The reduction in seed number, but not seed size, in the 
field experiment might indicate that the stress might have occurred during early seed 
development. Because nutrients differ in pattern of accumulation in soybean vegetative 
tissues and developing seeds (Sale and Campbell, 1980; Jimenez et al., 1996), the differences 
in the concentration of mineral nutrients in soybean plants grown under irrigated and non-
irrigated conditions might depend upon the growth stage at which severe stress occurred 
(Bachelor et al., 1984). In our study, the differences between the two experiments in nutrient 
concentration in the mature seeds developed under drought might be due to the differences in 
stress severity and time. 
Summary and Conclusions 
Drought stress effects on seed size distribution, seed concentration, and content varied 
between the winter and field experiment. These differences indicate the complexity and 
difficulty in generalizing the response of soybean seeds to drought stress as evident in the 
literature. In general, seeds from drought stress treatments in the winter experiment had a 
wider normal distribution curve and shifted toward the smaller seed sizes. A similar trend 
was observed in the field experiment, but the non-irrigated conditions had less effect on seed 
size distribution than the winter experiment. Field grown soybeans may provide a more 
flexible response to drought stress treatments than greenhouse-grown plants. In general, 
however, greater seed size variability would be expected imder drought stress. These results 
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emphasize the importance of closely monitoring timing, severity and duration of drought 
stress in controlled and field-based experiments. 
In the winter experiment, drought stress treatments increased concentrations of P, K, 
Mo for seeds of similar size but did not affect nutrient content per seed averaged over size. 
Drought stress increased the production of medium seeds, which had lower nutrient content 
per seed than large seeds. In the field experiment, drought stress did not affect seed size and 
weight, and increased seed concentrations of P, Ca, Mo, Mn, Cu, and Zn, resulting in an 
increased content of Ca, Mo, Mn, Cu, and Zn per seed. Our results suggest that drought 
stress changes seed size, nutrient concentration, and content, which are highly responsive to 
timing, duration, and severity of drought stress. 
In conclusion, drought stress, regardless of the stress patterns (gradual or sudden stress 
in the greenhouse or non-irrigation condition in the field) increased nutrient concentration 
and content within seed size, indicating that the increase in nutrient concentration in soybean 
seeds from drought stressed plants was a drought stress response and not simply due to a 
reduction in seed size and weight. The changing concentrations of nutrients in soybean seeds 
from drought stressed plants in this study and the results of other researchers (Tanguilig et 
al., 1987; Premachandra et al., 1995) suggest that nutrient concentrations changes may be an 
important drought stress response and needs fiirther study. 
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Figure 5.1: Three-drought stress treatments imposed on soybean plants at beginning seed 
(Rf) in the winter experiment. WW: plants were maintained at 80% field capacity (FC) after 
R5. SS: plants were maintained at 80% FC for 7 days from R5; then, soil moisture content 
was allowed to suddenly drop in one day to 20% FC and maintained for 16 days. GS 
(drought pre-conditioned by exposing the plants to gradual reduction in soil moisture in 7 
days): the soil moisture content was dropped gradually in 7 days after R5 from 80% to 20% 
FC; then, maintained at 20% FC for 13 days. 
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Figure 5.2: Percentage (by weight) of seven seed sizes in seed lots harvested 
from soybean plants exposed to drought stress treatments at beginning seed fill 
(R5) in (a) the winter experiment and (b) the field experiment. Seeds retained 
above 7.34, 7.14, 6.75, 6.35, 5.95, and 5.56 mm diameter roimd screens. Below: 
seeds passed through 5.56 mm (diameter) round and 3.97 x 19.05 mm (width x 
length) oblong screens. Means ± standard error. 
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Figure 5.3: Percentage (by weight) of large, medium, and small seeds in seed lots 
harvested from soybean plants exposed to drought stress treatments at beginning 
seed fill (R5) in (a) the winter experiment and (b) the field experiment. In both 
experiments, large seeds: seeds retained above a 6.35 mm diameter round screen; 
medium seeds: seeds that passed through a 6.35 mm diameter roimd screen and 
retained above a 5.56 mm diameter roimd screen; small seeds: seeds that seeds 
passed through 5.56 mTn diameter round and 3.97 x 19.05 mm (width x length) 
oblong screens. Means ± standard error. 
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Table 5.1: Yield of soybean plants exposed to drought stress treatments at beginning seed fill 
(R5) in the winter and field experiments. 
Experiment Treatments * Yield 
g/ plant 
Winter WW 25.9 
SS 13.8 
GS 14.8 
LSD t 3.6 
g,' treatmentreplication § 
Field I 1692.6 
NI 786.9 
LSD t 129.3 
* WW (well-watered treatment): plants were maintained at 80% field capacity (FC) after Rs. SS (sudden severe 
stress treatment): plants were maintained at 80% FC for 7 days from R5; then, soil moisture content was allowed 
to suddenly drop in one day to 20% FC and maintained for 16 days. GS (gradual stress prior to severe water 
stress treatment): the soil moisture content was dropped gradually in 7 days after R5 from 80% to 20% FC; then, 
maintained at 20% FC for 13 days. I: irrigated conditions throughout the growing season. NI: non-irrigated 
(rainfed) conditions imposed on the soybean plants at beginning seed fill (R5). 
§ Mean seed yield of plants harvested from each treatment per replication (200 seeds were planted per plot), 
t LSD; Fisher's least significantly difference at probability level (p<0.05) to compare treatment means in the 
winter experiment 
X LSD: Fisher's least significantly difference at probability level (p<0.05) to compare treatment means in the 
field experiment 
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Figure 5.4: Weight of 100 seeds for large, medium, and small seeds harvested 
from soybean plants exposed to drought stress treatments at beginning seed fill 
(R5) in (a) the winter experiment and (b) the field experiment. In both 
experiments, large seeds: the seeds retained above a 6.35 mm diameter round 
screen; medium seeds: seeds that passed through a 6.35 mm diameter round 
screen and retained above a 5.56 mm diameter roimd screen; small seeds: seeds 
passed through 5.56 mm diameter round and 3.97 x 19.05 mm (width x length) 
oblong screens. Means ± standard error. 
Table 5.2: Concentration of elements in large and medium seeds harvested from soybean plants exposed to three-drought stress 
treatments at beginning seed fill (R5) in the winter experiment. 
Trt* SSCJ Seed Macronutrients Micronutrients 
Weight N P K S Ca Pc Mo Mn Cii Na "B 
g/100 —%- J MS'K 
seeds 
WW Large 20.33 4.67 5.89 18.35 1,69 1,64 91,40 29.75 59,63 7.54 20,08 25.53 
Medium 14.14 4.54 6.53 19.05 1.74 1.57 121.05 33.70 52.10 8.45 20.63 25.58 
SS Large 18.09 4.97 6.70 19.50 2,03 1.75 104.65 35.53 62.88 8.32 27.53 27.20 
Medium 13.32 5.06 6.95 20.40 1.73 1.64 89.13 37,40 .58.75 9.34 25.58 27.63 
GS Large 18.67 5.06 6.65 19.05 1.71 1.69 94.45 35.10 63.08 9.03 20.35 27.45 
Medium 13.07 5.06 6.85 19.80 1.65 1.54 97.68 36.25 63.53 9.15 18,65 26.33 
LSD' 1.06 NS 0,46 0.81 NS NS NS 4.42 NS NS NS 2.77 
LSD" 1.15 NS 0.50 0.82 NS NS NS 4.29 NS NS NS 2.13 
Aver. § Large 19.03 4.89 6.4) 18.97 1.81 L69 96.83 35.78 61.86 8.30 22.65 26.73 
Medium 13.51 4.88 6.78 19.75 1,70 1,58 102.83 33.46 58.13 8.98 21.62 26,51 
LSDt 0.61 NS 0.26 0.47 NS 0.09 NS NS NS 0,53 NS NS 
• Trt: treatments. WW (well-watered treatment): plants were maintained at 80% field capacity after R5. SS (sudden severe stress treatment): plants were 
maintained at 80% PC for 7 days from Rs; then, soil moisture content was allowed to drop suddenly in one day to 20% PC and niaintained for 16 days. GS 
(gradual stress prior to severe water stress treatment); the soil moisture contcnt was dropped gradually in 7 days after Rs from 80% to 20% I-C; then, 
maintained at 20% PC for 13 days. 
I SSC: seed size category. Large: seeds that retained above a 6.35 mm diameter roiuid screen. Medium: seeds passing through a 6.3S mm diameter round 
screen and retained above a S.S6 mm diameter round screen. Small: the combination of the seeds passing through S.56 mm diameter round and 3.97 x 19.05 
mm (width x length) oblong screens. 
§ Averages of nutrient concentration in large and medium seeds over treatments. 
'LSD: Pisher's least significantly difference at probability level (p<0.05) to comparc means within treatments. 
''LSD: Pisher's least significantly difference at probability level (p<0.05) to compare means within seed si/.e category.. 
t LSD: Pisher's least significantly difference at probability level (p<0.05) to comparc means of averaged large and medium seeds. 
Table 5.3: Concentration of elements in soybean seeds retained above a 5.56 mm diameter round screen harvested from plants 
exposed to irrigated and non-inigatcd (rainfed) conditions at beginning seed fill (R5) in the field experiment. 
Trt t Seed Macroiuitrients Micronulrients 
Weight ~N p K S Ca Mk Fc Mo" Mn Cu NaT D 'Zn 
g/100 --% mg/g Hg/g 
I 19.88 5.40 
Nl 19.12 5.48 
LSD t 0.93 NS 
5.41 16.78 1.76 
5.93 16.90 1.82 
0.29 NS NS 
1.94 2.21 82.30 
2.36 2.24 79.20 
0.17 NS NS 
0.52 36.45 10.48 
3.79 52.28 12.95 
0.57 6.42 0.97 
156.25 27.33 40,58 
159,00 24,40 49,80 
NS NS 2.17 
t trts; treatments. I; irrigated conditions throughout the growing season, Nl; non-irrigated (rainfed) conditions imposed on the soybean plants at beginning 
seed nil (R,). 
I LSD; Fisher's least signiflcantly diflerencc at probability level (p£0.05) to compare means. 
Table 5.4: Content of elements in large and nicciiuni seeds harvested from soybean plants exposed to three-drought stress 
treatments at beginning seed fill (Rs) in the winter experiment. 
Trt * SSC t Macronutricnis Micronutricnts 
N P K S Ca Fc Mo M» Cii Na B 
mg/sccd fig/sccd 
WW Large 8.83 1.11 3.47 0.32 0.31 17.29 5,63 11.29 1.43 3.81 4.83 
Medium 5.97 0.86 2.50 0.23 0.21 15.92 4.43 6.85 1.11 2.71 3.36 
SS Large 8.36 1.13 3.28 0.34 0,29 17.57 5.98 10.58 1.40 4,59 4.58 
Medium 6.26 0.86 2.53 0.21 0.20 11.04 4.64 7.28 1.16 3.15 3.42 
GS Large 8.78 1.15 3.30 0.30 0.29 16.36 6.06 10,91 1.56 3,53 4.77 
Medium 6.14 0.83 2.41 0.20 0.19 11.88 4.41 7,71 1.11 2.26 3.20 
LSD* 0.58 0.09 0.21 0.06 0,04 4.69 0.67 1.94 0.18 1.55 0.56 
LSD" 0.98 0.09 0.19 0.06 0.04 5.22 0.62 1,92 0.29 1.45 0.45 
Aver. § Large 8.65 1.13 3.35 0,32 0.30 17.07 5.89 10,93 1.46 3.98 4.73 
Medium 6.13 0,85 2.48 0,21 0.20 12.95 4.49 7,28 1.23 2.71 3.33 
LSDt 0.34 0.05 0.12 0.03 0.02 2,71 0.38 1.12 0.01 0.89 0.33 
* Trts; trealnKnts. WW (wcll-watcrcd treatment); plants were maintained at 80% field capacity (FC) after Rj. SS (sudden severe stress treatment); plants 
were maintained at 80% FC for 7 days from Rs; then, soil moisture content was allowed to drop suddenly in one day to 20% FC and maintained for 16 days. 
GS (gradual stress prior to severe water stress treatment); the soil moisture content was dropped gradually in 7 days after Rs from 80% to 20% FC; then, 
maintained at 20% FC for 13 days. 
t SSC; seed size category. Large; seeds retained above a 6.35 mm diameter round screen. Medium; seeds passing through a 6.35 mm diameter round 
screen and retained above a 5.56 mm diameter round screen. Small; the combination of the seeds passing through 5.56 mm diameter round screen and 3.97 
X 19.05 mm (width x length) oblong screens. 
* LSD: Fisher's least significantly difference at probability level (p<0.05) to compare means within treatments. 
LSD; Fisher's least significantly difference at probability level (p<0.05) to compare means within seed size category. 
§ Averages of nutrient contents in large and medium seeds over treatments. 
t LSD; Fisher's least significantly difference at probability level (p<0.05) to compare means of averaged large and nuidium seeds. 
Table 5.5: Content of elements in soybean seeds retained above a 5.56 mm diameter round screen harvested from plants exposed 
to the imgated and non-irrigated (rainfed) conditions at beginning seed fill (R5) in the field experiment. 
Trt t Macromitricnts Microiuitricnts 
N P K S Ca Mg Fc Tvlo Mn Cii Na D ^ 
mg/sced Hg/g 
I 9.55 0.96 2,97 0.31 0.34 0.39 14.55 0.09 6.45 1.85 27.65 4.84 7.18 
NI 9.33 1.01 2.88 0.31 0.40 0.38 13.49 0.65 8.90 2.20 27.06 4.15 8.47 
LSDt NS NS NS NS 0.05 NS NS 0.11 1.45 0.24 NS NS 0.34 
I Trt; treatnKnts. I; irrigated conditions throughout tlie growing season. NI; non-irrigated (rainfed) conditions imposed on the soybean plants at beginning 
seed fill (Rj). 
^ LSD; Fisher's least significantly diiTerence at probability level (p^O.OS) to compare means. 
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GENERAL SUMMARY AND CONCLUSIONS 
Drought stress during soybean seed fill can lower seed quality. Little information is 
available about the biochemical changes in seeds from drought stressed plants which may be 
responsible for the reduction in seed quality under drought. Three experiments were 
conducted to study the effects of different patterns of soil moisture reduction on soybean leaf 
photosynthetic rate, stomatal conductance, and transpiration rate, seed filling duration, yield 
and yield components, seed size distribution, seed gennination and vigor, accmnulation of 
dehydrin-like proteins in developing and mature seeds, and the accumulation of soluble 
sugars in the mature seeds. Two experiments were conducted in the greenhouse at Iowa 
State University, Ames, Iowa, one in simmier (summer experiment) and one in winter (winter 
experiment). The third experiment was conducted in the field in Puerto Rico. In the summer 
experiment, five treatments were imposed at beginning seed fill (R5) for 18-21 days: 1) well-
watered treatment (WW), 2) sudden severe stress treatment (SS) (suddenly stressed without 
drought pre-conditioning), 3) one-day stress treatment (ODS) (drought pre-conditioned by 
exposing the plants to one-day stress) imposed prior to severe stress, 4) two, one-day period 
stresses (TDS) (drought pre-conditioned by exposing the plants to two separate days of 
stress) imposed prior to severe stress, and 5) gradual stress (drought pre-conditioned by 
exposing the plants to gradual reductions in soil moisture content in 7 days) imposed prior to 
severe stress. In the winter experiment, three treatments were imposed at beginning seed fill 
(R5) for 21-23 days: WW, SS, and GS treatments. In the field experiment, soybean plants 
were grown imder irrigated (I) and non-iirigated conditions (NT) for the entire seed fill period 
(R5- Rg). 
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Drought stress treatments reduced leaf photosynthetic rate, stomatal conductance, 
transpiration rate, number of live leaves on plants, seed filling duration, yield and yield 
components. Drought pre-conditioning treatments (ODS and TDS in the summer 
experiment) and gradual stress in the summer and winter experiments did not protect the 
plants from losses in yield and yield components over that observed in SS plants. At high 
temperature, plants from the GS and TDS treatments maintained more live leaves than plants 
from the SS treatment, which indicated that gradual reductions in soil moisture or pre-
episodes of drought stress may help plants to survive severe stress, but not to improve their 
performance in terms of leaf photosynthesis, stomatal conductance, and transpiration during 
stress. 
Drought stress treatments increased the production of small seeds and consisted of 
shriveled, miss-shaped, wrinkled, and undeveloped seeds. Small seeds had lower standard 
germination than large seeds. Abnormal seedlings, dead seeds and hard seeds represented 
the majority of the reduction in seed germination percentage. In addition, drought stress 
increased the production of medium sized seeds, which had lower standard germination, 
lower germination after the cold test, and lower germination after the accelerated aging test 
than large seeds. Hard seeds and abnormal seedlings represented the majority of the 
reduction in seed germination of medium sized seeds. Drought stress treatments not only 
reduced seed germination of small and medium seeds, but also reduced the vigor of large 
seeds (AA-germination) from the SS plants compared with seeds from the GS and WW 
plants. Drought pre-conditioning treatments (ODS and TDS in summer) and GS treatment in 
summer and winter experiments did not have an advantage in production of large seeds and 
in seed germination over seeds frxim the SS plants. However, GS treatments improved vigor 
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of large seeds (AA-germination) over that observed in large seeds from the SS plants. In 
conclusion, our results suggest that drought stress reduces seed quality by increasing the 
production of smaller seeds, which had poor germination, and by decreasing the vigor of 
large seeds. Gradual reduction in soil moisture did not modify the negative impact of 
drought stress on the production of small seeds, but improved vigor of large seeds (AA-
germination) over suddenly stressed plants. 
Drought stress during seed development induced expression of dehydrin-like proteins 
at 18 days after R5 (Rs.g) and these proteins were not expressed in detectable levels in 
developing seeds from the WW plants. Dehydrin abundance increased in developing seeds at 
physiological maturity (yellow pods). Dehydrin-like protein accumulation was similar in 
mature seeds with different seed sizes or in rounded and shriveled seeds. Small, shriveled 
seeds had a varied P-conglycinin and other unidentified proteins and had poor seed 
germination. The reduction in vigor (AA-germination) of large, mature seeds produced 
under drought stress coincided with the reduction of soluble sugars in the mature seeds. As 
stress rate increased (WW, GS, and SS treatments in order, respectively), the level of soluble 
sugars and seed vigor (AA-germination) for large seeds decreased, which suggested that the 
reduction in soluble sugars in drought stressed seeds might be responsible for lower seed 
vigor. In conclusion, the induction of dehydrin-like proteins in developing seeds from the 
drought stress treatments (SS and GS), suggests that expression of dehydrin-like proteins 
may be an important response of developing seeds to drought stress. We found that the level 
of dehydrin-like proteins in mature soybean seeds grown under drought was not an indicator 
of seed performance, which suggest that the dehydrin level in mature seeds could not be a 
reliable tool to screen for better seed quality imder drought stress. The reduction in soluble 
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sugars in large, mature soybean seeds under drought stress coincided with the reduction in 
seed vigor (AA-germination). The reduction in soluble sugars in seeds from drought stressed 
plants may help explain the reduction in AA germination of drought stressed seeds. 
In the winter experiment, drought stress treatments increased seed concentrations of P, 
K, Mo for seed similar in size but did not affect nutrient content per seed averaged over size. 
However, drought stress increased the production of medium seeds, which had lower nutrient 
content per seed than large seeds. In the field experiment, drought stress did not affect seed 
size and weight, and increased seed concentrations of P, Ca, Mo, Mn, Cu, and Zn, resulting 
in an increased content of Ca, Mo, Mn, Cu, and Zn per seed. Our results suggest that drought 
stress changes seed size, nutrient concentration, and content, which are highly responsive to 
timing, duration, and severity of drought stress. In conclusion, drought stress, regardless of 
the stress patterns (gradual or sudden stress in the greenhouse or non-irrigated condition in 
the field) reduced seed size and increased nutrient concentration and content for seed similar 
in size and weight, indicating that the increase in nutrient concentration in seeds from 
drought stressed plants was a drought response and was not due to reduction in dry matter 
accumulation (seed size and weight). The changing concentrations of nutrients in soybean 
seeds from drought stressed plants in this study and the results of other researchers 
(Tanguilig et al., 1987; Premachandra et al., 1995) suggest that nutrient concentrations 
changes may be an important drought stress response and needs further study. 
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APPENDIX A. ADDITIONAL TABLES 
Table A.l: Average air temperature, relative humidity, rainfall, and soil relative humidity at 
45 cm depth for irrigated and non-irrigated conditions recorded after treatments were 
imposed on soybean plants at beginning seed fill (R5) in the field experiment. 
Date After 
Rs 
Air Temperature Relative Rainfall Soil Relative Humidity § 
Maximum Minimum Humidity Irrieated NoD-irrieated 
Dec 15 26.67 20.00 73 0.00 18 22 
Dec 16 27.22 20.56 70 0.00 24 26 
Dec 17 26.67 20.56 91 0.13 32 36 
Dec 18 26.67 20.00 95 0.23 21 40 
Dec 19 28.33 19.44 86 0.10 24 44 
Dec 20 27.22 18.89 83 0.41 27 48 
Dec 21 27.78 18.33 91 1.02 32 50 
Dec 22 
— t — — — — — 
Dec 23 21.22 17.78 95 1.07 6 45 
Dec 24 27.22 17_22 95 0.69 7 4 
Dec 25 26.67 20.00 95 0.23 8 8 
Dec 26 27.22 19.44 95 0.41 8 8 
Dec 27 26.11 18.89 91 0.33 8 8 
Dec 28 26.67 20.00 83 0.08 8 7 
Dec 29 26.67 17.22 100 0.94 8 6 
Dec 30 — — — — 8 8 
Dec 31 — — — — 8 6 
Jan 1 — — — — 8 10 
Jan 2 — — — — 10 10 
Jan 3 27.78 17.22 86 1.14 10 10 
Jan 4 26.67 16.11 86 0.71 7 4 
Jan 5 27.78 16.11 91 0.08 7 8 
Jan 6 27.78 15.56 91 0.00 7 8 
Jan 7 27.78 16.11 83 0.00 8 7 
Jan 8 27.78 18.89 86 0.00 10 8 
Jan 9 26.67 18.33 94 0.86 10 10 
Jan 10 26.11 17.78 92 0.20 10 9 
Jan 11 27.22 17.22 82 0.05 10 9 
Jan 12 26.67 20.00 67 0.00 14 12 
Jan 13 26.67 19.44 86 0.03 14 12 
Jan 14 25.56 18.89 63 0.30 13 12 
Jan 15 26.67 20.00 78 0.30 13 13 
Jan 16 26.67 17.22 73 0.81 13 13 
Jan 17 23.89 17.22 65 0.05 13 14 
Jan 18 24.44 16.11 76 0.00 13 13 
Jan 19 25.00 16.11 76 0.00 12 13 
Jan 20 26.11 15.56 81 0.00 12 13 
J Data were not taken at this date. 
§ Soil relative humidity (tensiometer reading). 
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Table A-2: Mean seed yield of soybean plants exposed to irrigated and non-irrigated 
(rainfed) conditions at beginning seed fill (R5) in the field experiment. 
Treatments Yield 
g /block J 
Irrigated 1692.60 
Non-irrigated 786.89 
LSD t 129.30 
t LSD: Fisher's least significantly difference at probability level (p<0.05) to compare means. 
I Mean seed vield of plants harvested fixjm each block (replication). 
Table A.3: Cold germination for two sizes of soybean seeds harvested from plants exposed 
to three-drought stress treatments at begiiming seed fill (R5) in the winter experiment. 
Trtf SSC J Germmation After Cold Test 
Normal Abnormal Hard Dead 
% 




SS Large 90.50 5.50 1.00 3.00 
Medium 76.50 7.00 12.00 4.50 
GS Large 92.00 4.00 2.00 1.50 
Medium 74.50 9.50 13.00 3.00 
LSD^ 10.42 6.44 4.24 6.12 
LSD" 9.81 4.12 5.92 4.34 
t Trt: treatments. WW (well-watered treatment): plants were maintained at 80% field capacity (FC) after R5. 
SS (sudden severe stress): plants were maintained at 80% FC for 7 days &om Rs; then, soil moisture content 
was allowed to drop suddenly in one day to 20% FC and maintained for 16 days. GS (gradual stress prior to 
severe water stress treatment): the soil moisture content was dropped gradually in 7 days after R5 &om 80% to 
20% FC; then, maintained at 20% FC for 13 days. 
t Large: seeds that retained above a 6.35 mm diameter round screen; Medium: seeds that passing through a 6.35 
mm diameter round screen and retained above a 5.56 mm diameter round screen; Small: the combination of the 
seeds passing through 5.56 mm diameter round and 3.97 x 19.05 mm (width x length) oblong screens. 
§ There was not enough seeds produced within this category under well water treatment (3.95% of the seed lot) 
to conduct the test. 
' LSD: Fisher's least significantly difference at probability level (p<0.05) to compare means within treatments. 
'' LSD: Fisher's least significantly difference at probability level (p<0.05) to con^are means within seed size 
category. 
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Table A.4: Standard germination, electrical conductivity of seed leachate, and seedling dry 
weight of soybean seeds retained above a 5.56 mm diameter round screen harvested from 
plants exposed to irrigated and non-irrigated (rainfed) conditions at beginning seed fill (R5) 
in the field experiment. 
T reatments Standard Germination EC: SDW§ 
Normal Abnormal Hard Dead 
-jiS/mg— —g/seedling— 
Irrigated 97.75 2.00 0 0.50 1.20 66.07 
Non-Irrigated 77.75 14.00 0 8.25 1.55 65.14 
LSD t 19.05 7.58 0 12.42 0.38 4.45 
t LSD: Fisher's least significantly difiference at probability level (p<0.05) to compare means. 
J EC; electrical conductivity of seed leachate (microsimon of solute leakage per mg of seed). 
§ SDW: seedling dry weight (g per seedling). 
Table A.5: Germination after cold test of soybean seeds retained above a 5.56 mm diameter 
round screen harvested from plants exposed to irrigated and non-irrigated (rainfed) 
conditions at beginning seed fill (R5) in the field experiment. 
Treatments Germination After Cold Test 
Normal Abnormal Hard Dead 
% 
Irrigated 92.75 4.25 0 2.75 
Non-irrigated 79.00 7.00 0 14.00 
LSDt 14.84 1.52 0 13.75 
t LSD: Fisher's least significantly difference at probability level (p<0.05) to compare means. 
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Table A.6: Germination after accelerated aging test of soybean seeds retained above a 5.56 
mm diameter roimd screen harvested from plants exposed to irrigated and non-irrigated 
(rainfed) conditions at beginning seed fill (R5) in ±e field experiment. 
Treatments Germination After Accelerated Aging Test 
Normal Abnormal Hard Dead 
% 
Irrigated 91.50 4.25 0 4.25 
Non-irrigated 69.25 7.75 0 23.00 
LSD t 17.74 4.77 0 14.78 
t LSD: Fisher's least significantly difference at probability level (p<0.05) to con^are means. 
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Table A.7: Concentration of sucrose, raffinose, stachyose, and the ratio of sucrose to 
raffinose and stachyose for large and medium seeds harvested from soybean plants exposed 
to three-drought stress treatments at beginning seed fill (R5)-in the winter experiment. 
Treatments t SSC j Sucrose Raffinose Stachyose Ration § 
WW Large 56.08 22.56 65.41 0.70 
Medium 54.47 22.90 52.15 0.72 
SS Large 40.92 
Medium 39.29 




16.39 54.78 0.58 
16.51 44.89 0.62 
20.30 61.53 0.61 
18.95 60.05 0.54 
6.21 23.16 0.21 
7.93 22.20 0.16 
t Trt: treatments. WW (well-watered treatment): plants were maintained at 80% field capacity after Rs. SS 
(sudden severe stress treatment): plants were maintained at 80% FC for 7 days from Rs; then, soil moisture 
content was allowed to drop suddenly in one day to 20% FC and maintained for 16 days. GS (gradual stress 
prior to severe water stress treatment): the soil moisture content was dropped gradually in 7 days after R5 fi^om 
80% to 20% FC; then, maintained at 20% FC for 13 days. 
t SSC: seed size category. Large: seeds that retained above a 6.35 mm diameter round screen. Medium: seeds 
passing through a 6.35 mm diameter round screen and retained above a 5.56 mm diameter round screen. Small: 
the combination of the seeds passing through 5.56 mm diameter round and 3.97 x 19.05 mm (width x length) 
oblong screens. 
' LSD: Fisher's least significantly difference at probability level (p<0.05) to compare means within treatments. 
LSD: Fisher's least significantly difference at probability level (p<0.05) to compare means within seed size 
category. 
§ Ratio of sucrose to rafiBnose and stachyose. 
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Table A.8: The ratio of sucrose to raffinose and stachyose averaged over seed size for 
soybean seeds harvested from plants exposed to three-drought stress treatments at beginning 
seed fill (Rs) in the winter experiment. 
t Trt: treatments. WW (well-watered treatment): the plants were maintained at 80% field capacity (FC) after 
Rs. SS (sudden severe stress treatment): plants were maintained at 80% FC for 7 days &om Rs; then, soil 
moisture content was allowed to drop suddenly in one day to 20% FC and maintained for 16 days. GS (gradual 
stress prior to severe water stress treatment): the soil moisture content was dropped gradually in 7 days after Rs 
from 80% to 20% FC; then, maintained at 20% FC for 13 days. 
t LSD: Fisher's least significantly difference at probability level (p<0.05) to conq>are means. 
§ Ratio of sucrose to raffinose and stachyose. 







LSD + 0.09 
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APPENDIX B. ADDITIONAL FIGURES 
MW SP 
1  Hi: 
Treatments WW SS ODS TDS GS 
Figure B.l: SDS PAGE of total soluble proteins for leaves sampled at day 0 after soybean 
plants were exposed to five-drought stress treatments at beginning seed fill (R5) in the 
summer experiment. The five-drought stress treatments were imposed; well-watered (WW), 
sudden severe stress (SS), one-day stress (ODS) prior to severe stress, two-days stress (TDS) 
prior to severe stress, and gradual stress (GS) prior to severe stress. Equal weight of protein 
(10 p,g) was loaded per lane. The lane on the left side indicates the molecular weights (MW) 
of standard proteins (SP). 
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7 4ft 
Treatments WW SS ODS TDS GS 
Figure B.2: SDS PAGE of total soluble proteins for leaves sampled at day 13 after soybean 
plants were exposed to five-drought stress treatments at beginning seed fill (R5) in the 
summer experiment. The five-drought stress treatments were imposed: well-watered (WW), 
sudden severe stress (SS), one-day stress (ODS) prior to severe stress, two-days stress (TDS) 
prior to severe stress, and gradual stress (GS) prior to severe stress. Equal weight of protein 
(10 fig) was loaded per lane. The lane on the left side indicates the molecular weights (MW) 
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Figure B.3: SDS PAGE of total soluble proteins for developing seeds from soybean plants 
exposed to three-drought stress treatments at beginning seed fill (R5) in the winter 
experiment. WW: well-water treatment; GS: gradual stress treatment imposed prior to severe 
drought stress; SS: sudden severe stress treatment. Equal weight of protein (7 |ig) was 
loaded per lane. The developing seeds were sampled at day 2 (R5 2), 4 (R5 4), day 10 (R5 e) 
and 18 (Rs.s) after the stress treatments were imposed at R5. The lane on the left side 





























Figure B.4: SDS PAGE of total soluble proteins for developing seeds from soybean plants 
exposed to irrigated and non-irrigated conditions at beginning seed fill (R5) in the field 
experiment. I: irrigated condition; NI: non-irrigated (rainfed) condition. Equal weight of 
protein (7 |ig) was loaded per lane. The developing seeds were sampled at 0 (R5), 5 (R5.2). 15 
(R5 7). 22 (R6). 43 (physiological maturity [PM]) days after the stress treatments were 












Days After R5 
Development Stage 
WW GS SS WW GS SS WW GS SS WW GS SS 
2 4 10 18 
R5.2 R-54 R5.6 1^58 
Figure B.5: SDS PAGE of total soluble proteins for leaves sampled from soybean plants 
exposed to three-drought stress treatments at beginning seed fill (R5) in the winter 
experiment. WW: well-water treatment; GS: gradual stress treatment imposed prior to severe 
drought stress; SS: sudden severe stress treatment. Equal weight of protein (10 fig) was 
loaded per lane. The leaves were sampled at day 2 (Rs i), 4 (R5.4), day 10 (Rs.e) and 18 (Rs.g) 
after the stress treatments were imposed at R5. The lane on the left side indicates the 




Days After Rs 
Development Stage 
I i NI ] NI I NI I NI 
0 5 15 22 43 
R5 R5.2 R5.7 R6 pm 
Figure B.6: SDS PAGE of total soluble proteins for leaves sampled from soybean plants 
exposed to irrigated and non-irrigated conditions at beginning seed fill (R5) in the field 
experiment. I: irrigated condition; NI: non-irrigated (rainfed) condition. Equal weight of 
protein (10 ng) was loaded per lane. The leaves were sampled at 0 (R5), 5 (R5.2), 15 (R5 7), 
22 (R^), 43 (physiological maturity [PM]) days after the stress treatments were imposed at 
R5. The lane on the left side indicates the molecular weights (MW) of standard proteins (SP). 
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APPENDIX C. STATISTICS 
Plant Performance and Yield 
Table C.l: Mean squares of photosynthetic rate, stomatal conductance, and transpiration rate 
for soybean plants exposed to five-drought stress treatments at beginning seed fill (R5) in the 
summer experiment. 
Source DF t 
-7 
Days after Drought Treatments Imposed at R5 


































































t DF: degrees of freedom. 
• Denotes significance at the 0.05, 0.01, and 0.001 probability levels, respectively. 
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Table C.2: Mean squares of photosynthetic rate, stomatal conductance, and transpiration rate 
for soybean plants exposed to three-drought stress treatments at beginning seed fill (R5) in 
the winter experiment. 
Source DF t Days after Drought Treatments Imposed at R5 
0 6 10 26 
Treatment 2 1.634 
Block 3 0.463 
Error 6 2.347 
Treatment 2 0.020 
Block 3 0.004 
Error 6 0.034 
Treatment 2 0.460 
Block 3 0.477 
Error 6 0.533 
Photosynthetic Rate 
49.653 • 69.780 11.748 * 
2.419 4.540 3.400 
5.581 1.843 1.175 
Stomatal Conductance 
0.083 0.621 0.024 * 
0.031 0.030 0.008 
0.008 0.020 0.002 
Transpiration Rate 
10"^ 
3.890 10.800 0.900 
0.767 5.670 0.500 
1.077 0.200 0.200 
t DF: degrees of freedom. 
*, **, Denotes significance at the 0.05, 0.01, and 0.001 probability levels, respectively. 
Table C-3: Mean squares of dead and live leaf number on soybean plants exposed to five-
drought stress treatments at beginning seed fill (R5) in the simimer experiment. 
Source Degrees of Days after Drought Stress Imposed at R5 
Freedom 10 21 
Dead Leaves Dead Leaves Live Leaves 
Treatment 4 2402.93 838.70 1600.93 
Block 3 102.98 101.13 116.53 
Error 12 103.86 116.13 50.83 
**, *** Denotes significance at the 0.01 and 0.001 probability levels, respectively. 
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Table C.4: Mean squares of live leaf number on soybean plants exposed to three-drought 
stress treatments at beginning seed fill (R5) in the winter experiment. 
Source Degrees Number of Live Leaves after 21 Davs 
of Freedom from Drought Stress Imposed at Rs 
Treatment 2 76.78 »»» 
Block 3 2.47 
Error 6 0.94 
**• Denotes significance at the 0.001 probability level. 
Table C.5: Mean squares of seed filling duration for soybean plants exposed to three-drought 
stress treatments at beginning seed fill (R5) in the winter experiment. 
Source Degrees Seed Filling Duration 
of Freedom 
Treatment 2 16.09 ** 
Block 3 1.36 
Error 6 1.28 
** Denotes significance at the 0.01 probability level. 
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Table C.6: Mean squares of yield and yield components for soybean plants exposed to 
drought stress treatments at beginning seed fill (R5) in the summer, winter, and field 
experiments. 










Summer Trt 4 502.27 •• 3933.08 •• 1397.93 • 625.83 16464.55 * 9.26 
Blk 3 118.46 2419.00 • 18.73 200.00 5878.20 2.31 
E 12 83.15 579.04 311.53 207.79 3706.95 5.14 
Winter Trt 2 180.25 ••• 410.23 ••• 117.57 ••• 31.94 1383.69 •• 40.59 •• 
Blk 3 0.27 2.83 3.41 0.87 17.12 0.47 
E 6 4.47 11.23 2.89 1.59 63.83 2.09 
Field Trt 1 1640633.89 ••• 
Blk 3 41437.40 • 
E 3 3301.27 
t S: Source; Trt: treatment; Blk: block; E: error. 
t DF: Degrees of freedom. 
§ Nor: mimber of normal pods. 
^ SHR; number of shriveled pods. 
#UD V: number of undeveloped pods. 
« •« *«« Denotes significance at the 0.05, O.OI, and 0.001 probability levels, respectively. 
Seed Sizing 
Table C.7: Mean squares of percentage (by weight) of soybean seeds retained above 7 round 
screens harvested firom plants exposed to drought stress treatments at beginning seed fill (R5) 
in the winter and field experiment. 
Exp. t S ^ DF § % of Seeds Retained Above Round Screens Below 
(Diameter in mm) 5.56 
7.54 7.14 6.75 6.35 5.95 5.56 
Winter Trt 2 11.23 420.91 608.56 • 109.58 409.39 » 84.34 »» 81.01 • 
Blk 3 0.18 1.98 14.48 14.73 8.81 2.93 4.39 
E 6 2.26 32.17 74.50 41.80 39.80 7.53 7.53 
Field Trt 2 11.34 35.75 111.68 » 5.66 32.91 15.43 1.32 
Blk 3 1.32 10.41 4.23 2.48 5.43 1.88 0.12 
E 6 3.47 31.49 6.23 12.29 16.25 4.18 0.17 
t Exp.: experiments. 
t S: source; Trt: treatment; Blk: block; E: error. 
§ DF: degrees of freedom. 
*, •* Denotes significance at the 0.05 and O.Olprobability levels, respectively. 
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Table C.8: Mean squares of percentage (by weight) of large and small soybean seeds 
harvested from plants exposed to five-drought stress treatments in the summer experiment. 
Source Degrees Large t Small % 
of Freedom 
Treatment 4 751.77 751.77 
Block 3 148.99 148.99 
Error 12 347.70 347.70 
t Large: seeds that retained above a 3.97 x 19.05 mm (width x length) oblong screen; 
X Small seeds: seeds that passed through a 3.97 x 19.05 mm (width x length) oblong screen. 
Table C.9: Mean squares of percentage (by weight) of large, medium, and small soybean 
seeds harvested from plants exposed to drought stress treatments at beginning seed fill (R5) in 
the winter and field experiments. 
Experiments Source DF# Large t Medium t Small § 
Winter Treatment 2 1434.16 •* 860.64 *• 81.00 
Block 3 17.61 8.99 4.39 
Error 6 116.11 71.63 7.53 
Field Treatment 1 116.64 93.41 1.32 
Block 3 15.07 12.51 0.12 
Error 3 40.98 35.90 0.17 
** Denotes significance at the 0.01 probability level. 
t Large: seeds retained above a 6.35 mm (diameter) round screen. 
X Medium: seeds that passing through a 6.35 mm diameter round and retained above a 5.56 mm diameter round 
screen. 
§ Small: the combination of the seeds passing through 5.56 mm diameter round screen and 3.97 x 19.05 mm 
(width X length) oblong screens. 
# DF: degrees of fireedom. 
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Table C.IO: Mean squares of 100-seed weight for different seed sizes harvested from 
soybean plants exposed drought stress treatments in the sxmmier, winter, and field 
experiments. 
Experiments Source Degrees 100-Seed Weight 
of Freedom 
Summer Treatment (Trt) 
Block (Blk) 
Trt X Blk (Error a) 
Size 
Trt X Size 
Error b 
Winter Treatment (Trt) 
Block (Blk) 
Trt X Blk (Error a) 
Size 
Trt X Size 
Error b 
Field Treatment (Trt) 
Block (Blk) 
Trt X Blk (Error a) 
Size 

















2 204.189 »*• 
2 0.355 • 
12 0.083 
*, *•* Denotes significance at the 0.05 and 0.001 probability levels, respectively. 
Tab le C. 11: Mean squares of 100-seed weight for large and medium seeds harvested from 
soybean plants exposed to three-drought stress treatments at beginning seed fill (R5) in the 
winter experiment. 
Source Degrees 100-Seed Weight 
of Freedom 
Treatment (Trt) 2 5.67 * 
Block (Blk) 3 0.56 
Trt X Blk (Error a) 6 0.69 
Size 1 182.88 »»» 
Trt X Size 2 1.01 
Error b 9 0.44 
*, ** Denotes significance at the 0.05 and O.Olprobability levels, respectively. 
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Seed Qualit>' 
Table C.12: Mean squares of standard germination and seedling dry weight for two seed 
sizes harvested from soybean plants exposed to five-drought stress treatments at beginning 
seed fill (R5) in the summer experiment. 
Source DF t Standard Germination SDW X 
Normal Abnormal Hard Dead 
Treatment (Trt) 4 178 121 0 160 30 
Block (Blk) 3 137 233 0 310 59 
Trt x Blk (Error a) 12 308 123 0 252 44 
Size 1 34810 490 0 27040 *** 3165 
Trt x Size 4 60 96 0 65 77 * 
Error b 15 297 148 0 327 18 
t DF: degrees of freedom. 
I SDW: seedling dry weight 
*, *** Denotes significance at the 0.05, and 0.001 probability levels, respectively. 
Table C.13: Mean squares of standard gemiination and seedling dry weight for three seed 
sizes harvested from soybean plants exposed to three-drought stress treatments at beginning 
seed fill (Rs) in the winter experiment. 
Source DFt Standard Germination SDW + 
Normal Abnormal Hard Dead 
Treatment (Trt) 2 1889 »*• 181 321 • 174 421 •• 
Block (Blk) 3 32 29 » 7 3 172 • 
Trt x Blk (Error a) 6 29 4 32 9 25 
Size (Trt) 5 2392 407 212 ** 446 987 
Error b 15 115 28 30 10 9 
t DF: degrees of freedom. 
J SDW: seedling dry weight 
« «*» Denotes significance at the 0.05, 0.01, and 0.001 probability levels, resp>ectively. 
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Table C.14: Mean squares of cold germination, germination after accelerated aging, and 
electrical conductivity of seed leachate for two seed sizes harvested from soybean plants 
exposed to three-drought stress treatments at beginning seed fill (R5) in the winter 
experiment. 
Source Degrees Cold f AA ^ EC § 
of Freedom 
Treatment (Trt) 2 342 * 723 * 0.0188 
Block (Blk) 3 11 96 0.0027 
Trt X Blk (Error a) 6 42 71 0.0084 
Size (Trt) 5 502 ** 258* 0.0383 
Error b 15 36 30 0.0072 
t Cold: germination after cold test. 
t AA: germination after accelerated aging test 
§ EC: electrical conductivity of seed leachates. 
*, *• Denotes significance at the 0.05 and 0.01 probability levels, respectively. 
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Table C.15: Mean squares of standard gennination, cold test, and accelerated aging test for 
seeds retained above a 5.56 mm diameter round screen harvested from soybean plants 
exposed to irrigated and non-irrigated conditions at beginning seed fill (R5) in the field 
experiment. 
Source DF t Normal Abnormal Hard Dead 
Standard Germination 
Treatment 1 800.00 * 
Block 3 76.83 
Error 3 71.67 
Treatment 1 378.13 
Block 3 59.46 
Error 3 43.46 
Treatment 1 990.13 * 
Block 3 37.13 
Error 3 62.13 
288-00 • 0 120.13 
19.33 0 26.80 
11.33 0 30.46 
Cold Test 
15.13 * 0 253.13 
13.13 * 0 51.13 
0.46 0 37.13 
AATest t 
24.50 0 703.13 * 
12.00 0 13.13 
4.50 0 43.13 
t DF: degrees of freedom. 
X Gennination after the accelerated aging test. 
* Denotes significance at the 0.05 probability levels. 
Table C.16: Mean squares of seedling dry weight and electrical conductivity for seeds 
retained above a 5.56 mm diameter roimd screen harvested from soybean plants exposed to 
irrigated and non-irrigated conditions at beginning seed fill (R5) in the field experiment. 
Source Degrees SDW f EC t 
of Freedom 
Treatment 1 1.71 0.24 
Block 3 20.11 0.02 
Error 3 3.91 0.03 
t SDW: seedling dry weight 
X EC: electrical conductivity of seed leachates. 
Mineral Nutrients 
Table C.17: Mean squares of seed element concentration for large and medium seeds harvested from soybean plants exposed to three-
drought stress treatments at beginning seed fill (R5) in the winter experiment. 
Source DFt N P K S Ca Fc Mo Mil CM Na B 
Trealment (TrI) 2 0.502 904454 • 3151667 • 87238 18263 255 51.56 • 114.67 2,61 118.49 7.38 • 
Block (Blk) 3 0.062 213738 156111 21228 8517 845 7.40 46.42 0.61 36,28 1.06 
Trt X Blk (Error a) 6 0.182 127338 319444 38782 6763 598 8.37 59.79 2.27 40,24 0.91 
Size 1 0.001 810338 • 3681667 •• 68267 68267 • 201 32.43 83.63 1.19* 6.41 0.28 
Trt x Size 2 0.023 114688 21667 63854 3204 1030 4.22 32.03 0.48 3.79 1,31 
Error b 9 0.027 83349 258333 40336 11369 357 7.62 53.55 0,33 40.97 2.30 
t DF: degrees of freedom. 
*, Denotes significance at the 0.05 and 0.01 probability levels, respectively. 
Table C.18: Mean squares of seed element concentration for soybean seeds retained above a 5.56 mm diameter round screen 
harvested from plants exposed to irrigated and non-irrigated (rainfed) conditions at beginning seed fill (R5) in the field experiment. 
St DF 
X 
N P K S Ca Mg Fe Mo Mn Cu Na B Zn 
Trt 1 0.013 535613 • 31250 6050 340313 •• 1800 19.22 21.46 *•* 500.86 •• 12.25 •• 15.13 17.11 170.20 ••• 
Blk 3 0.018 11413 141250 933 6546 7417 15.39 0.087 5.87 0.30 40.79 1.06 5.12 
E 3 0.015 17146 1079167 3383 6046 3767 41.21 0.064 8.14 0.19 184.13 2,14 0,93 
t S; soutcc; Trt; treatment; Blk; block; E; error. 
t DF: degrees of freedom. 
•, ••• Denotes significance at the 0.05,0.01, and 0.001 probability levels, respectively. 
Table C.19: Mean squares of seed element content for large and medium seeds harvested from soybean plants exposed to three-
drought stress treatments at beginning seed fill (R5) in the winter experiment. 
Sourcc t D 
F 
\ 
N P K S Ca Fc Mo Mn Cu Na B 
I'rt 2 0.05 138 35637 2013 662 15.36 0.17 0.29 0.010 1.96 0.029 
BIk 3 0.12 2863 17890 1351 354 16,25 0.06 0.78 0.004 0.53 0.079 
Trt x BIk 6 0.61 4788 15386 1489 727 14,51 0.16 1.73 0.054 0.91 0.054 
Size 1 38.40 ••• 469034 ••• 4565700 ••• 67311 ••• 60583 ••• 102,10 •• 79.79 ••• 0.680 ••• 9.65 ••• 11.771 ••• 
Trt x Size 2 0.31 2295 22746 842 150 13,48 0.11 0.94 0.021 0,06 0.090 
Error b 9 0.13 2986 17271 1338 576 8,59 0.17 1.47 0.011 0.93 0.125 
f Trt: treatment; DIk; block; Trt x DIK; treatment x block (Error a), 
j DF: degrees of freedom. 
*** Denotes significance at the 0.001 probability level. 
Table C.20: Mean squares of seed element concentration for soybean seeds retained above a 5.56 mm diameter round screen 
harvested from plants exposed to irrigated and non-irrigated (rainfed) conditions at beginning seed fill (Rs) in the field experiment. 
K) 
St DFt N P K S Ca Mr Fe Mo Mn Cu Na B Zn 
Trt 1 0.103 5286 17181 13.30 6536* 193 2.24 0.615 ••• 12.03 • 0,246 • 0,70 0,931 3,344 •• 
BIk 3 0.013 578 9926 11.52 340 283 0.36 0.003 0,27 0,014 0,87 0,037 0.091 
E 3 0.100 1866 12614 228.41 438 281 1.18 0.002 0.41 0,012 7,10 0,104 0.023 
f S: source; Trt: treatment; BIk; block; E: error. 
j DF; degrees of freedom, 
•, Denotes significance at the 0,05 and 0.001 probability levels, respectively. 
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Soluble Sugars 
Table C.21: Mean squares of sucrose, rafimose, stachyose, and ratio of sucrose to rafifinose 
and stachyose for large and medium seeds harvested from soybean plants exposed to three-
drought stress treatments at beginning seed fill (R5) in the winter experiment. 
Source DF + Sucrose Raffiuose Stachyose Ratio t 
Treatment (Trt) 2 515.59 78.79 272.10 0.0393 » 
Block (Blk) 3 60.65 90.90 825.88 0.1407 ** 
Trt X Blk (Error a) 6 192.98 36.52 220.31 0.0066 
Size 1 41.26 0.52 404.63 0.0002 
Trt x Size 2 6.02 1.69 73.71 0.0071 
Error b 9 68.47 15.07 209.55 0.0170 
t Ratio of sucrose to rafBnose and stachyose. 
J DF: degrees of freedom. 
*,** Denotes significance at the 0.05, and 0.01 probability levels, respectively. 
Table C.22: Mean squares of sucrose, raffinose, and stachyose for soybean seeds retained 
above a 6.35 mm diameter round screen (large seeds) harvested from plants exposed to three-
drought stress treatments at begiiming seed fill (R5) in the winter experiment. 
Source Degrees of Sucrose Raffiuose Stachyose 
Freedom 
Treatment 2 242.11 * 38.93 115.66 
Block 3 51.17 95.91 1279.32 
Error 6 31.49 28.18 103.07 
Denotes significance at the 0.05 probability levels. 
